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shown in  F ig .  1.
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9 vs o where 9 is the e f f e c t i v e  Debye 
t emperature  and the t i  I t  ang le  O' is 
expressed in d i v i s i o n s .
S e m i c i r c u l a r  o r b i t s  shown w i t h  respect  to
the u , v  c o o rd i n a t e  system. The magnet ic f i e l d
H is p e r p e n d i c u l a r  to the plane of  the paper
and the e l e c t r i c  f i e l d  E is as i n d i c a t e d .  Theu
f i g u r e  on the l e f t  i n d i c a t e s  the o r b i t s  in r e a l  
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E l e c t i c a l  and thermal  t r a n s p o r t  c o e f f i c i e n t s  were s tu d ie d  
in a s i n g l e  c r y s t a l  o f  t h a l l i u m .  A se t  of measurements were  
made a t  h.  1, 3 2 - 0 ,  and 1 - 6°K in magnetic  f i e l d s  rang ing  from
12*2 kG to  18- A kG* Evidence was found sup p o r t in g  the hypothesis  
t h a t  open o r b i t  e l e c t r o n s  in  t h a l l i u m  may be e f f i c i e n t l y  s c a t t e r e d  
i n t o  c losed o r b i t s  by the mechanism o f  s m a l l - a n g le  phonon s c a t t e r i n g .
Formulas were d e r iv e d  which a l low ed  the c a l c u l a t i o n  o f  the  
average number o f  e le c t r o n -p h o n o n  c o l l i s i o n s  necessary  to  remove 
an e l e c t r o n  from an open o r b i t *  Q u a l i t a t i v e  agreement was o b ta in ed  
between the e x p e r im e n ta l  c a l c u l a t i o n s  and the expected t h e o r e t i c a l  
p r e d i c t i o n s .  Reasons f o r  the lack  o f  good q u a n t i t a t i v e  agreement  
are  discussed both  from the p o in t  o f  v iew o f  e x p e r im e n ta l  e r r o r s  
and in  view o f  the o v e r - s i m p l i f y i n g  assumptions and appro x im at ions  
of  a problem o f  s c a t t e r i n g  which is b a s i c a l l y  complex.
The r e s u l t s  i n d i c a t e  t h a t  the e f f e c t  s tu d ie d  h e re ,  v i z . ,  the  
e f f i c i e n t  smal l  ang le  phonon s c a t t e r i n g  o f  open o r b i t  e l e c t r o n s  
may be obs ervab le  in o th e r  m e ta ls  and is  a u s e f u l  method o f  s tudy ing  
the t r a n s p o r t  p r o p e r t i e s  o f  m e ta ls .
I .  INTRODUCTION
Since  the p r i m a r y  t o p i c  o f  t h i s  work r e l a t e s  to  the e f f e c t  
o f  s m a l J - a n g l e  s c a t t e r i n g  on open o r b i t  c o n d u c t i o n ,  one w i l l  f i r s t l y  
comment in  some d e t a i l  on the g e n e r a l  p rob lem  o f  s c a t t e r i n g  o f  
e l e c t r o n s  in  m e t a l s ,  i t s  e f f e c t  on b o th  the  e l e c t r i c a l  and th e r m a l  
c o n d u c t i o n ,  and s e c o n d ly  d e f i n e  and c l a s s i f y  open o r b i t s  and 
some o f  t h e i r  t r a n s p o r t  p r o p e r t i e s .
E l e c t r o n s  as c h arg e  c a r r i e r s  in  the  e l e c t r i c a l  c o n d u c t io n  
proc ess  respond d i f f e r e n t l y  t o  s c a t t e r i n g  than e l e c t r o n s  as  
e n erg y  c a r r i e r s  i n  th e  t h e r m a l  c o n d u c t i o n  p r o c e s s .  There  is  a 
common b e h a v i o r  w h ic h  is  r e l a t e d  t o  the p ro c e s s  known as " h o r i z o n t a l "  
t r a n s i t i o n  w h ich  occurs  f o r  e l a s t i c  s c a t t e r i n g ,  i . e . ,  f o r  s c a t t e r i n g  
w h ich  does not change the  e n e rg y  o f  the  c a r r i e r s .  In  t h i s  case  
the  e f f i c i e n c y  o f  the  s c a t t e r i n g  is  depen dent  o n l y  on the degree  
o f  r a n d o m i z a t i o n  o f  the c a r r i e r s  v e l o c i t y  a c h i e v e d  by the  s c a t t e r i n g .  
I t  is  e v i d e n t  th e n  t h a t  l a r g e  a n g le  e l a s t i c  s c a t t e r i n g ,  i . e . ,  
s c a t t e r i n g  w h ic h  causes l a r g e  changes in  the  d i r e c t i o n  o f  m o t io n  
o f  the  e l e c t r o n s ,  w i l l  be most e f f i c i e n t  in  b o t h  the  e l e c t r i c a l  
and th e rm a l  c o n d u c t i o n  p ro c e s s e s .
A n o t h e r  typ e  o f  s c a t t e r i n g  is  th e  so c a l l e d  " v e r t i c a l  
t r a n s i t i o n "  in  w h ic h  the  e n e r g y  o f  th e  c a r r i e r  is  changed w i t h  
a n e g l i g i b l e  change i n  the  d i r e c t i o n  o f  m o t io n .  I f  the  e n e rg y
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change is  o f  the  o r d e r  o f  kT then t h i s  is  s u f f i c i e n t  t o  make a 
" h o t "  e l e c t r o n  " c o l d "  and g r e a t l y  a f f e c t  i t s  c o n t r i b u t i o n  to  
t h e r m a l  c o n d u c t io n  w i t h o u t  a f f e c t i n g  i t s  c o n t r i b u t i o n  t o  e l e c t r i c a l  
c o n d u c t io n -  There  a r e  a l s o  s c a t t e r i n g  w i t h  l a r g e  h o r i z o n t a l  and 
v e r t i c a l  components and thus h a v in g  bo th  r a n d o m i z a t i o n  and 
e n e r g y  change-  T h e r e f o r e ,  s in c e  the h o r i z o n t a l  t r a n s i t i o n s  a f f e c t  
e l e c t r i c a l  and t h e r m a l  c o n d u c t i o n  e q u a l l y  and v e r t i c a l  t r a n s i t i o n s  
a f f e c t  o n l y  the  t h e r m a l  c o n d u c t i o n  then the  d i f f e r e n t  types  o f  
s c a t t e r i n g  may be c l a s s i f i e d  a c c o r d i n g l y -
I m p u r i t i e s ,  d e f e c t s ,  and c r y s t a l  b o u n d a r ie s  s c a t t e r  e l e c t r o n s  
e l a s t i c a l l y  and c o n t r i b u t e  e q u a l l y  t o  e l e c t r i c a l  and th e r m a l  
r e s i s t a n c e .  Phonons w h ic h  s c a t t e r  e l e c t r o n s  a c c o r d i n g  t o  the  
c o n s e r v a t i o n  laws,  k ± q = k '  and ±  hn = cause b o th
h o r i z o n t a l  and v e r t i c a l  t r a n s i t i o n s .
On one hand, i f  the  v e l o c i t y  makes a l a r g e  a n g l e  w i t h  
one has l a r g e  a n g l e  s c a t t e r i n g  w h ich  when v iewed as a 
h o r i z o n t a l  t r a n s i t i o n  is  v e r y  e f f i c i e n t  in  c a u s in g  b o t h  e l e c t r i c a l  
and th e rm a l  r e s i s t a n c e .  Th is  is the  case f o r :  a )  h i g h  te m p e r a tu re  
phonons w i t h  q v e c t o r s  o f  the  same m a g n i tu d e  as the  c a l i p e r  s i z e  
o f  the  u s u a l l y  l a r g e  p i e c e s  o f  Fermi s u r f a c e  (FS) in m e t a l s .
b )  Low t e m p e r a t u r e  phonons where  q is  s m a l t  b u t  e i t h e r  the FS
1 2  is small or c e r t a in  par ts  of the FS correspond to small  c a l ip e r s ,
3
or the s ta te  k 1 belongs to another band, another sheet of the 
same FS or as in the umklapp process where the FS in the repeated  
zone scheme y ie ld s  small  c a l i p e r  dimensions-
I*
On the  o t h e r  hand, i f  the  v e l o c i t y  makes a s m a l l  a n g le  w i t h
V^, one has s m a l l  a n g l e  s c a t t e r i n g  w h ic h  in  terms o f  h o r i z o n t a l
t r a n s i t i o n s  would  be i n s u f f i c i e n t  f o r  b o th  e l e c t r i c a l  and the rm a l
r e s i s t a n c e .  The t h e r m a l  s c a t t e r i n g ,  how e ver ,  w i l l  be made e f f i c i e n t
th ro u g h  the v e r t i c a l  component o f  the t r a n s i t i o n  i f  ] ,  -  e^j  - Vu
is  o f  the  o r d e r  o f  kT- T h is  g e n e r a l  b e h a v i o r  w i l l  be the  case o f
law t e m p e r a t u r e  phonons ( w i t h  the  e x c e p t i o n s  o f  cases (b )  l i s t e d
above f o r  w h ic h  the  e l e c t r i c a l  s c a t t e r i n g  is  a l s o  e f f i c i e n t ) .
To encompass those  e x c e p t i o n s  one may w r i t e  the  s m a l l  a n g le
s c a t t e r i n g  c o n d i t i o n  q «  Akp where  q is  th e  a v e ra g e  phonon
w a v e l e n g t h  f o r  wh ich  ^  kT and Akp r e p r e s e n t s  the s m a l l e s t  FS
c a l i p e r  as measured from k. To be more i n c l u s i v e  o f  any s p e c i a l
t o p o l o g y ,  Ak_ c o u ld  be the s m a l l e s t  d i s t a n c e  f o r  w h ich  V , .  ,,  *
r  F (k  + Akp)
d i f f e r s  m a r k e d ly  i n  d i r e c t i o n  r e l a t i v e  t o  V^-
When s c a t t e r i n g  y i e l d s  the  same e f f i c i e n c y  in  b o th  th e
e l e c t r i c a l  and t h e r m a l  c a s e s ,  the W iedemann-Franz  (W-F) law is
known t o  h o l d ,  i . e . ,  i t  is  e x p e c t e d  t h a t  the  Lorenz r a t i o  w i l l
assume i t s  t h e o r e t i c a l  v a l u e  in  the case  o f  i m p u r i t y  s c a t t e r i n g
or  f o r  phonon s c a t t e r i n g  when q Akp. The W-F law is  s t a t e d
as; X / o T  = L , w here  \  is  th e  e l e c t r o n  c o n t r i b u t i o n  t o  the  e n e
t h e r m a l  c o n d u c t i v i t y ,  a  is  th e  e l e c t r i c  c o n d u c t i v i t y ,  is
th e  Lorenz r a t i o  and L is  the  Lorenz number.
n
When s c a t t e r i n g  does no t  y i e l d  the  same e f f i c i e n c y  in  the  
e l e c t r i c a l  and t h e r m a l  c a s e s ,  th e  W-F law is  n o t  e x p e c t e d  t o  h o ld .  
For e x a m p le ,  i n  th e  case  o f  low t e m p e r a t u r e  phonon s c a t t e r i n g ,
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w i t h  q «  kj_, in  th e  absence o f  a m a g n e t ic  f i e l d ,  one e x p e c t s ,
because o f  the  added v e r t i c a l  s c a t t e r i n g  c o n t r i b u t i o n ,  a th e rm a l
c o n d u c t i v i t y  s m a l l e r  than  i n d i c a t e d  by the  W-F law, i . e . ,  a
Lorenz r a t i o  s m a l l e r  than  the Lorenz number,  L .n
One s e e s ,  t h e r e f o r e ,  the  im por tance  o f  the  measurement o f  
the  Lorenz  r a t i o  whenever  e f f i c i e n c y  o f  s m a l l  a n g l e  s c a t t e r i n g  is  
t o  be s t u d i e d .  T h is  p o i n t  w i l l  be em phas ized  l a t e r .
The u s e f u l n e s s  o f  the  g e n e r a l  c l a s s i f i c a t i o n  o f  s c a t t e r i n g  
e i t h e r  in  terms o f  h o r i z o n t a l  and v e r t i c a l  t r a n s i t i o n s  or in  terms  
o f  l a r g e  and s m a l l  a n g l e  s c a t t e r i n g  depends on w hich  p h y s i c a l  
q u a n t i t y  is  a f f e c t e d  by the s c a t t e r i n g .  The g e n e r a l  r u l e  o u t l i n e d  
above holds  w e l l  i f  the  c o n d u c t i v i t i e s  a r e  measured in  the absence  
o f  a m a g n e t ic  f i e l d  and a l s o  h o ld s  w e l l  i n  the p re sence  o f  a 
m a g n et ic  f i e l d  i f  the p r o p e r  e x t e n s i o n  t o  i n c lu d e  t h i s  p a r a m e t e r  
is  made. But t h e r e  w i l l  be cases w h e re ,  because o f  the  p re se n c e  
o f  the  m a g n e t ic  f i e l d ,  s m a l l  a n g l e  s c a t t e r i n g  w i l l  y i e l d  an  
e f f i c i e n t  random i za t  i fxi and t h e r e f o r e  e f f i c i e n t  s c a t t e r i n g .
In  the  absence o f  a m a g n e t ic  f i e l d ,  an e l e c t r o n  in  an  
i n i t i a l  s t a t e  k remains  in  the  same s t a t e  w i t h  c o n s t a n t  v e l o c i t y  
u n t i l  s c a t t e r e d .  In  a m a g n e t ic  f i e l d  the  e l e c t r o n  c o n t i n u a l l y  
changes i t s  s t a t e  and v e l o c i t y  and i t s  a v e r a g e  m o t io n  may be 
c h a r a c t e r i z e d  by a d r i f t  v e l o c i t y ,  Vp- There  e x i s t  cases o f  
n e i g h b o r i n g  s t a t e s  k and k '  w i t h  a s m a l l  a n g l e  d i f f e r e n c e  in  
t h e i r  v e l o c i t i e s ,  and V ^ , ,  such t h a t  th e  m o t io n  in  th e  f i e l d  
a v e ra g e s  t o  d r i f t  v e l o c i t i e s  Vp and Vp, w h ic h  may be q u i t e  
d i f f e r e n t ,  n o t  o n l y  i n  d i r e c t i o n  b u t  a l s o  i n  m a g n i tu d e .  Thus,
6
even though the s c a t t e r i n g  from s t a t e  k t o  k 1 is  a s m a l l  a n g le  
s c a t t e r i n g  i n  terms o f  the  f i n a l  v e l o c i t y  and the  i n i t i a l  
v e l o c i t y  the e f f e c t i v e  s c a t t e r i n g  is  a l a r g e  a n g le  s c a t t e r i n g
in  terms o f  d r i f t  v e l o c i t i e s  and V ^ ( a s s o c i a t e d  to  the i n i t i a l  
v e l o c i t y  V and V , ,  r e s p e c t i v e l y .
K. K
The d e t a i l e d  mechanism o f  such an e f f e c t  has been s t u d i e d  by  
P ip p a r d .  i t  p e r t a i n s  t o  mu 11 i - c o n n e c t e d  FS1s w h ich  may p r e s e n t  
zones o f  h o l e - l i k e  c a r r i e r s  a d j a c e n t  t o  zones o f  e l e c t r o n - 1 ik e  
c a r r i e r s ,  w h ic h  under  a s y m p t o t i c  c o n d i t i o n s  have d r i f t  v e l o c i t i e s  
in  o p p o s i t e  d i r e c t i o n s .  T h e r e f o r e ,  s m a l l - a n g l e  s c a t t e r i n g  f rom  
one zone t o  the  a d j a c e n t  one becomes e q u i v a l e n t  t o  e f f i c i e n t
s c a t t e r i n g  as th e  b e h a v i o r  in  the  l o n g i t u d i n a l  r e s i s t a n c e  o f
5 6copper  as s t u d i e d  by P o w e l l  and a n a l y z e d  by P ip p a r d  seems t o
s how.
A s i m i l a r  mechanism w hich  is  o n l y  m e n t io n e d  in  P i p p a r d ' s  
w ork  and w h ic h  c o r re s p o n d s  t o  the  s i t u a t i o n  e n c o u n te re d  in  the  
p r e s e n t  s tu d y  p e r t a i n s  t o  m u l t I - c o n n e c t e d  FS1s w h ic h  p r e s e n t  
zones o f  open o r b i t  c a r r i e r s  a d j a c e n t  t o  e i t h e r  o r  b o th  zones o f  
e l e c t r o n - 1 ik e  o r  h o l e - l i k e  c a r r i e r s .  In  t h i s  case the d r i f t  
v e l o c i t y  in  the  open o r b i t  r e g io n  may be s e v e r a l  o r d e r s  o f  
m ag n i tu d e  l a r g e r  th a n  in  the  c lo s e d  o r b i t  r e g io n s -  Thus any  
s m a l l  a n g l e  s c a t t e r i n g  w h ich  s h i f t s  a c a r r i e r  f rom  an open o r b i t  to  
a c lo s e d  o r b i t  is e q u i v a l e n t  t o  an e f f i c i e n t  s c a t t e r i n g  I f  the  
o p p o s i t e  s c a t t e r i n g  does n o t  compensate  f o r  i t .  T h is  is  th e  
s i t u a t i o n  found in  t h a l l i u m .
7
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I t  seems a p p r o p r i a t e  t o  r e v i e w  b r i e f l y  a t  t h i s  p o i n t  a g e n e r a l  
c o n c e p t  o f  open o r b i t s  and t o  i n t r o d u c e  some t e r m i n o l o g y  w hich  w i l l
be u s e f u l  in d e s c r i b i n g  the  open o r b i t  s i t u a t i o n  in  t h a l l i u m .  As
7
an i l l u s t r a t i o n ,  c o n s i d e r  the case  o f  a p o s s i b l e  FS o f  a s im p le  
c u b ic  m e t a l  as shown in  F i g .  1- In  t h i s  f i g u r e  the p e r i o d i c a l l y  
e x t e n d e d  zone scheme is  used t o  i n d i c a t e  some p o s s i b l e  o r b i t s  f o r  
d i f f e r e n t  m a g n e t ic  f i e l d  d i r e c t i o n s ,  H- When H is  p a r a l l e l  to  
the  [ 1 0 0 ]  a x i s ,  as shown in  F i g .  1 ( a )  o n l y  c lo s e d  o r b i t s  a r e  
poss i b l e .
I f  H is  t i l t e d  f rom the  [ l O O ]  a x i s  bu t  k e p t  in  the (0 1 0 )  
p l a n e ,  th e n  a p e r i o d i c  open o r b i t  is  c r e a t e d  in  the d i r e c t i o n  
l a b e l e d  v in  F ig .  1 ( b ) .  T h is  typ e  o f  o r b i t  i s  c l a s s i f i e d  as a 
p r i m a r y  p e r i o d i c  open o r b i t  s in c e  t a lw a y s  c ro s s e s  th e  B r i l l o u i n  
zone boundary  on th e  same [ 0 1 0 ]  d i r e c t e d  arm. Secondary  p e r i o d i c  
open o r b i t s  a r e  formed when the  o r b i t  a l t e r n a t e l y  c ro s s e s  the  
zone boundary  on one o f  two arms,  e . g . ,  i f  an o r b i t  a l t e r n a t e l y  
f o l l o w e d  the [ 0 1 0 ]  and [ 0 0 1 ]  arms th e n  i t  would be c l a s s i f i e d  as 
a s e c o n d a ry  p e r i o d i c  open o r b i t  and would  have a g e n e r a l  
d i r e c t i o n ,  v ,  in  th e  [ O i l ]  d i r e c t i o n .  H ig h e r  o r d e r  p e r i o d i c  
o r b i t s  may be s i m i l a r l y  d e f i n e d -
I f  a s t e r e o g r a m ,  such as the  one in  F i g .  2 ( a )  is  used t o  
i n d i c a t e  the  f i e l d  d i r e c t i o n s  f o r  w h ic h  thes e  p e r i o d i c  open 
o r b i t s  e x i s t ,  th e n  th ese  d i r e c t i o n s  a r e  r e p r e s e n t e d  by l i n e s .
For t h i s  reas on  the  p r i m a r y ,  s e c o n d a ry ,  e t c .  p e r i o d i c  open o r b i t s  
a r e  somet imes r e f e r r e d  t o  as o n e - d i m e n s i o n a l  o r  ty p e  I open o r b i t s .
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F ig u r e  2 ( a )  shows the  p r i m a r y  open o r b i t s  as heavy l i n e s .  The 
h i g h  symmetry d i r e c t i o n s  ( lO O )  must be e x c lu d e d  s in c e  o n l y  c lo s e d  
o r b i t s  e x i s t  f o r  the  f i e l d  in  thes e  d i r e c t i o n s -  F ig u r e  2 { b )  is  
a s te r e o g r a m  f o r  t h a l l i u m  and w i l l  be d is c u s s e d  in  C h a p te r  I I .
Open o r b i t s  o f  the type  shown in  F i g .  1 ( c )  r e s u l t  when the  
f i e l d  is  n e ar  the  [ 1 0 0 ]  a x i s  b u t  is  d i r e c t e d  in  a non-symmetry  
p l a n e .  Here the  open o r b i t s  a r e  a p e r i o d i c  and s e p a r a t e  re g io n s  
o f  h o l e - l i k e  c lo s e d  o r b i t s  from r e g io n s  o f  e l e c t r o n - 1 ik e  c lo s e d  
o r b i t s .  S in c e  t h i s  typ e  o f  open o r b i t  e x i s t s  f o r  a s o l i d  a n g le  
o f  f i e l d  d i r e c t i o n s  r e p r e s e n t e d  on a s te re o g ra m  as an a r e a ,  then  
th e y  a r e  c a l l e d  t w o - d i m e n s io n a l  o r  ty p e  I I  a p e r i o d i c  open o r b i t s -  
Type I I  o r b i t s  may be p e r i o d i c  i f  the  d i r e c t i o n  o f  p r o p a g a t i o n  
c o r re s p o n d s  t o  a r a t i o n a l  d i r e c t i o n  i n  th e  p la n e  p e r p e n d i c u l a r  
t o  the f i e l d .  The typ e  I I  o r b i t s  a r e  i l l u s t r a t e d  in  F ig -  2 ( a )  
as shaded a r e a s -
As the ang le  between the f i e l d  and the [ 1 0 0 ]  a x is  increases  
the open o r b i t s  c o l l a p s e  i n t o  extended o r b i t s  as shown in F ig .  1 (d ) -  
An o r b i t  is  cons idered  extended i f  i t  cannot be c o n ta in ed  w i t h i n  
one BZ- The stereogram shows the approximate  boundary o f  the  
extended o r b i t s  as a dashed l in e -
A b r i e f  d e s c r i p t i o n  o f  the FS o f  t h a l l i u m  w i l l  be g iven  in 
Chapter  I I -  In  the same c h a p te r  some o f  the t ra n s p o r t  c o e f f i c i e n t s  
w i l l  be d e f i n e d ,  the b eh av io r  o f  open and c losed  o r b i t  s c a t t e r i n g  
w i l l  be d iscussed ,  and the s c a t t e r i n g  parameters  r 1 and r "  w i l l  be 
d e r iv e d  from e l e c t r i c a l  and therm al  c o n d u c t i v i t y  e q u a t io n s .
E x p e r i m e n t a l  d e t a i l s ,  i n c l u d i n g  sample p r e p a r a t i o n  and the  
a p p a r a t u s ,  w i l l  be d e s c r i b e d  in  C h a p te r  I I I .  The e x p e r i m e n t a l  
r e s u l t s  and a d i s c u s s i o n  o f  thes e  r e s u l t s  a r e  g iv e n  in  C h ap te rs  
IV and V, r e s p e c t i v e l y .  Due to  the  e x p l o r a t o r y  n a t u r e  o f  t h i s  
work ,  much o f  th e  d i s c u s s i o n  in  the  body o f  t h i s  d i s s e r t a t i o n  
has been l i m i t e d  t o  g e n e r a l  c o n s i d e r a t i o n s .  More s p e c i f i c  
phases o f  the work as w e l l  as some s p e c u l a t i v e  c o n s i d e r a t i o n s  
a r e  d is c u s s e d  in  the  a p p e n d ix e s .
I I . THEORY 
A- The Fermi S u r fa c e  o f  T h a l l i u m  and the  
O cc u rre n ce  o f  Open Orbi  ts
The FS o f  t h a l l i u m  is  r e l a t i v e l y  w e l l  known, h a v in g  been 
e s t a b l i s h e d  th ro u g h  a number o f  e x p e r i m e n t a l  and t h e o r e t i c a l
works .  These in c lu d e  s t u d i e s  on the m a g n e t o r e s i s t a n c e  o f  t h a l l i u m
. . .  8 9by A le k s e e v s k i  i and G aid u k o v ,  M a c k i n t o s h ,  S p a n e l ,  and Young,
M i l l i k e n  and Y o u n g , ^  and by Young. ^  U l t r a s o n i c  a t t e n u a t i o n
12d a ta  in  t h a l l i u m  have been ta k e n  by Coon, G r e n i e r ,  and R e y n o ld s ,
13 11+ 15by Rayne and by E c k s t e i n ,  K e t t e r s o n ,  and P r i e s t l e y .  P r i e s t l e y
a l s o  made p u ls e d  f i e l d  de H a a s-v an  A lp h en  m easurements ,  f i n d i n g  
good agree m e nt  w i t h  S o v e n ' s ^  r e l a t i v i s t  ic  O .P.W. model o f  the  
FS o f  th a  1 1 i urn.
The f o u r t h  zone e l e c t r o n  s h e e t  o f  th e  FS o f  t h a l l i u m  o f  
i n t e r e s t  in  our s tu d y  c o n s i s t s  o f  a honeycomb-1 ike  n e tw o rk  as 
shown in  F ig .  3* As S o v e n ^  has p o i n t e d  o u t ,  open o r b i t s  as 
w e l l  as c lo s e d  o r b i t s  may e x i s t  on the f o u r t h  zone s u r f a c e  when 
a m a g n e t ic  f i e l d  is  t i l t e d  s l i g h t l y  from the  hexagona l  
c r y s t a l l o g r a p h i c  d i r e c t i o n .  T h is  is  c o n f i r m e d  by the  open o r b i t  
s te r e o g r a m  e s t a b l i s h e d  e x p e r i m e n t a l l y  by M i l l i k e n  and Y o u n g ^  
and shown in  F i g .  2 ( b ) .  The t w o - d i m e n s io n a l  r e g i o n  s u r r o u n d in g  
the  hexagona l  d i r e c t i o n  i n d i c a t e s  the  e x i s t e n c e  o f  typ e  I I  open  





( 1 0 1 0 )  o r  (1 1 2 0 )  p l a n e ,  and a p e r i o d i c  o r  w i t h  h i g h e r  o r d e r  
p e r i o d i c i t y  o t h e r w i s e .  The e x t e n t  o f  the  t w o - d i m e n s io n a l  r e g io n  
is  about  2 ^ °  from the  c - a x i s -  The open o r b i t s  a r e  c o n f i n e d  to  
the  b a s a l  p la n e  and e x t e n d ,  f o r  the  geom etry  used in  t h i s  w ork ,  
in the a v e r a g e  d i r e c t i o n  o f  the  [ 1 0 1 0 ]  c r y s t a l  a x i s .  F ig u r e  *+ 
shows a s c h e m a t ic  r e p r e s e n t a t i o n  o f  the  f o u r t h  zone s u r f a c e  w i t h  
the  m a g n e t ic  f i e l d  a p p l i e d  a t  an a n g le  o '  w i t h  the  [ 0 0 0 1 ]  d i r e c t i o n  
in  the  (1 0 1 0 )  p la n e -  The shaded a r e a s  r e p r e s e n t  c lo s e d  o r b i t  
r e g io n s  and the  open o r b i t  r e g io n s  a r e  r e p r e s e n t e d  by the  non­
shaded a r e a s -  The n a r rc w  r e g i o n  o f  open o r b i t s  is  sandwiched  
betw een e l e c t r o n - 1 ik e  and h o l e - l i k e  r e g io n s  o f  c lo s e d  o r b i t s -  
The open o r b i t s  e x t e n d  in  the [ 1 0 1 0 ]  d i r e c t i o n  w i t h  d i f f e r e n t  
o r b i t  shapes o c c u r r i n g ,  d e p en d in g  on th e  p o s i t i o n  o f  the or j i t  
w i t h i n  the  i 1 i c e  o f  the  FS- The w i d t h  o f  th e  s l i c e  and thus  
the  number o f  s t a t e s  in  the  open o r b i t  r e g i o n  i n c r e a s e s  as the  
a n g l e  or1 i n c r e a s e s -
8. D e f i n i t i o n s  o f  th e  R e s i s t i v i t y  C o e f f i c i e n t s  
in  E l e c t r i c a l  and Thermal  C o n d u c t io n
The e l e c t r i c a l  and t h e r m a l  m a g n e t o r e s i s t a n c e s , the  H a l l  
e f f e c t  and the  R i g h i - L e d u c  e f f e c t  were  measured as f u n c t i o n s  
o f  t e m p e r a t u r e  and b o th  m a g n i tu d e  and d i r e c t i o n  o f  th e  m a g n e t ic  
f i e l d .  These f o u r  c o e f f i c i e n t s  which  a r e  found t o  depend on 
s m a l l  a n g l e  s c a t t e r i n g  in  t h a l l i u m  need t o  be d e f i n e d -  To a v o i d  
a m b i g u i t y  in  t h e i r  d e f i n i t i o n s ,  f o u r  s e t s  o f  t r i - r e c t a n g u l a r  
c o o r d i n a t e  systems w i l l  be d e f i n e d -  The c o o r d i n a t e  systems w i l l
*T D U
x  [ 0 1 0 1 ]
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be r e f e r r e d  to  as: 1 , 2 , 3 ;  I * , 2 , 3 ' i and u , v , z .  In
F ig .  5 the sample is shown cu t  as a para 1 le 1 ip ip e d  s la b  w i t h  the 
d i r e c t i o n s  1 , 2 , 3  r e s p e c t i v e l y  f o r  the le n g th ,  w i d t h ,  and th ickness  
d i r e c t i o n s .  The s la b  was cu t  from a t h a l l i u m  m onocrysta l  in such 
way t h a t  the 1 , 2 , 3  d i r e c t i o n s  be c o i n c i d e n t  w i t h  the 1 , , 2 ' , 3 '  axes 
where l ' , 2 ' , 3 '  corresponds to  the c r y s t a 1 lo g ra p h ic  o r i e n t a t i o n s , 
[ l O l O ] ,  [ 1 2 1 0 ] ,  and [ 0 0 0 1 ] ,  r e s p e c t iv e  W - The co inc idenc e  o f  the  
1 , 2 , 3  ant* l ' ) 2 ' , 3 '  axes w i l l  be assumed p e r f e c t  except  in 
s p e c i f i e d  cases in the appendixes.  In Fig.  6 ( a )  the " c l a s s i c  
ga Ivanom agnet ic"  set  o f  c o o rd in a te s  x , y , z  is o r i e n t e d  w i t h  respect  
to  the magnetic  f i e l d  and c u r r e n t  d i r e c t i o n s ,  w i t h  the c u r r e n t  
d e n s i t y  in the x d i r e c t i o n ,  the magnetic  f i e l d  in the z d i r e c t i o n  
p e r p e n d ic u la r  to  the c u r r e n t ,  and y p e r p e n d ic u la r  to both  x and 
z- E x p e r im e n ta l l y  the c u r r e n t  f lows a long  the leng th  o f  the  
sample, so t h a t  i f  end e f f e c t s  a r e  n e g l i g i b l e ,  the  x d i r e c t i o n  
c o in c id e s  w i t h  the 1 d i r e c t i o n .  Am bigu i ty  e x i s t s  i f  the magnetic  
f i e l d ,  which determines the d i r e c t i o n  o f  z ,  is not e x a c t l y  
p e r p e n d ic u la r  to  the 1 d i r e c t i o n  s ince  th e re  w i l l  be then a small  
component o f  the c u r r e n t  in  the z d i r e c t i o n .  The main component 
o f  the c u r r e n t  c o n t in u e s ,  o f  cou rse ,  t o  be in the x d i r e c t i o n .
In the id e a l  case o f  the x and 1 d i r e c t i o n s  p a r a l l e l ,  the z ax i s  
is t i l t e d  r e l a t i v e  t o  the 3 d i r e c t i o n  by a smal l  ang le  or, as 
a r e  the y and 2  d i r e c t i o n s .  When the 3 and 3'  d i r e c t i o n s  c o in c id e  
then
The c o o rd in a te s  u , v , z  which p e r t a i n  to  open o r b i t  d i r e c t i o n s  
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When a m a g n e t ic  f i e l d  H ( z - d i r e c t i o n )  is  a p p l i e d  p e r p e n d i c u l a r
to  the  f l o w  ( x - d  i r e c t  i on )  o f  an e l e c t r i c  c u r r e n t  d e n s i t y  o r  a
h e a t  c u r r e n t  d e n s i t y  W, th e n  e l e c t r i c  f i e l d s  a n d / o r  th e rm a l
g r a d i e n t s  a p p e a r .  Under i s o t h e r m a l  c o n d i t i o n s ,  the e l e c t r i c a l
f i e l d  components ,  E^ and a ppea r  when an e l e c t r i c a l  c u r r e n t
d e n s i t y  is  a p p l i e d -  The i s o t h e r m a l  g a lv a n o m a g n e t ic  c o e f f i c i e n t s
a r e  d e f i n e d  as p “ E ^ /J ^ ,  th e  m a gnetores  i s t i v i t y ,  and
p = E / J  , the  H a l l  r e s i s t i v i t y .  S i m i l a r l y ,  but under  a d i a b a t i c  yx y x ' n
c o n d i t i o n s ,  when the  h e a t  c u r r e n t  d e n s i t y  is  a p p l i e d  g r a d i e n t s
o f  te m p e r a t u r e  a p p e a r .  The th e rm a l  r e s i s t i v i t y  c o e f f i c i e n t s  a r e
d e f i n e d  as Yxx  = t *1e t h e r m a l  magne t o r e s  i s t  i v i t y ,  and
Y = G /W , the R i g h i - L e d u c  r e s i s t i v i t y ,  where  G = -A T /A x  and  yx y x 3 ' ’ x
Gy = - A T /A y .  The o t h e r  c o e f f i c i e n t s  w h i c h  r e l a t e  G t o  J and  
E t o  W have not been s t u d i e d  here  and t h e r e f o r e  w i l l  no t  be 
d e f i  ned.
One may no te  t h a t  e x p e r i m e n t a l  c o n d i t i o n s  a r e  such t h a t  the  
c u r r e n t  f lo w s  in  the  1- d i r e c t i o n ,  and the  e l e c t r i c  f i e l d s  and 
t e m p e r a t u r e  g r a d i e n t s  a r e  measured in  th e  1 and 2  d i r e c t i o n s .
Thus the  measured c o e f f i c i e n t s  s hou ld  be l a b e l e d  P j j t  P2 i '
Y j j , and Y ^ j *  The d i f f e r e n c e s  between th e s e  c o e f f i c i e n t s  and th e  
c o r r e s p o n d i n g  x , y  c o e f f i c i e n t s  a r e  s m a l l  and a r e  g e n e r a l l y  
compensated f o r  by  th e  m e a s u r in g  p r o c e d u r e .  Thus, one s t i l l  r e f e r s  
t o  the  measured q u a n t i t i e s  as H a l l ,  R i g h i - L e d u c ,  e t c .  e f f e c t s .
C- E f f e c t s  o f  Open O r b i t  C o n d u c t io n  on
the  R e s i s t i v i t y  C o e f f i c i e n t s
There  is a d e t a i l e d  c a l c u l a t i o n  in  Appendix  A on the e f f e c t s  
o f  open o r b i t s  on the e l e c t r i c a l  and th e r m a l  r e s i s t i v i t y  c o e f f i c i e n t s -  
Thus some d e t a i l s  no t  b r o u g h t  out in  the  p r e s e n t  s e c t i o n  may be 
found in  the  a p p e n d ix -
I f  b o th  open and c lo s e d  o r b i t s  e x i s t  s i m u l t a n e o u s l y  in a
■'T * c * o
m e t a l ,  the t o t a l  c o n d u c t i v i t y  t e n s o r  can be w r i t t e n  as o = o + a  , 
where o is  the  c o n t r i b u t i o n  t o  the c o n d u c t i v i t y  from the  c lo s e d
o r b i t s  and o i s  the  c o n t r i b u t i o n  due t o  th e  open o r b i t s -  When 
a ' , th e  a n g l e  be tw een  the  m a g n e t ic  f i e l d  H and the  [O O O l]  c r y s t a l  
a x i s ,  i s  s m a l l ,  th e  c lo s e d  o r b i t  c a r r i e r s  s t i l l  c o r r e s p o n d  t o  the  
case o f  a t w o - d i m e n s i o n a l ,  i s o t r o p i c  m e t a l  w i t h  a c o n d u c t i v i t y
The open o r b i t  c o n d u c t i v i t y  te n s o r  can be e x p r e s s e d  in
m a t r i x  form as:
where  6 i s  th e  a n g l e  between  the  r e a l  space open o r b i t  d i r e c t i o n  
and the  c u r r e n t  d i r e c t i o n -  The e q u a t i o n  g i v e n  above is
Eq- A - 2  in  A ppend ix  A-
21
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The t o t a l  r e s i s t i v i t y  is  g i v e n  by
A  _  / s  , ,  I
*
so t h a t  by i n v e r t i n g  the  c o n d u c t i v i t y  m a t r i x  and t a k i n g  th e  known
h ig h  f i e l d  l i m i t s  f o r  the  components o f  the  c lo s e d  o r b i t
2
c o n d u c t  i v i t y ,  v i z . ,  a -* A /H and o -*■ B /H ,  th en  the  h ig hxx xy
f i e l d  t r a n s v e r s e  m a g n e t o r e s i s t a n c e  Is :
^
and the  H a l l  r e s i s t i v i t y  is :
w h ic h  f u r t h e r  s i m p l i f i e s  f f  one ta k e s
w h ic h  becomes:
( - ' I  L
1 * * .
These a r e  the Eqs- A - l l  o b t a i n e d  in  A ppend ix  A.
For a s m a l l  t i l t  a n g l e  a* i t  is  e x p e c t e d  and a p o s t e r i o r i
o p
v e r i f i e d  t h a t  o a / B  «  1 so  t h a t  Eq. 1 reduces  to :
^ f i / a1 + ( < r * s i « * e )  S ' H l ( 3 )
23
p
T h e r e f o r e  a p l o t  o f  p vs H s h o u ld  y i e l d  a s t r a i g h t  l i n e
O p  p
whose s lo p e  S'  = (o s i n  9 ) / B  •
A n o th er  e x p r e s s i o n  w h ich  is o f  i n t e r e s t  is  o b t a i n e d  by
fo rm in g  the  r a t i o  o f  p /p ^   ̂ w h ic h  e l i m i n a t e s  th e  commonxx yx
A °  A °d e n o m in a t o r ,  1 + — a and one o b t a i n s ,  e ve n  i f  — o is  not
B 8
n e g l  i gi b l e ,
H  P*< _ i  &  >_j 1 ( 4 )
'  8  6
T h e r e f o r e  t o  a b e t t e r  a p p r o x i m a t i o n  th an  in  the case o f  p , thexx
( - )  p
p l o t  o f  ^Px x ^PyX vs H s h o u ld  y i e l d  a s t r a i g h t  l i n e .  In  t h i s  
case  t h e  s lo p e
r  „ <T°  S » n x &  ( 5  )
J  r  6
I f  the  e x p e r i m e n t  were p e r fo rm e d  under i d e a l  c o n d i t i o n s
i . e . ,  0 = ±  9 0 °  ( f o r  or ^ 0 ) th e  s lo p e s  S' and S" d e f i n e d  in
o _ 0  0  -1
Eqs. 3 and H would  t a k e  the s im p le  forms o B and o  B
I t  Is i n t e r e s t i n g  t o  n o te  t h a t  in e i t h e r  case the  s lo p es
a r e  p r o p o r t i o n a l  t o  the  open o r b i t  c o n d u c t i v i t y ,  o ° ,  and t h a t
the q u a n t i t y  B is  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  s im p le  and
o b ta  i n a b le .
B = e c n  where  n = N. -  N Is  th e  e x ce ss  o f  h o le s  o v e rn e
A 0e l e c t r o n s .  When t h e  a p p r o x t m a t l o n ,  — o «  1, Is  v a l i d ,  B Is
B
2k
s im p l y  the  a s y m p t o t i c  v a lu e  H/p^
yx
Many o f  the  c o n c l u s i o n s  o b t a i n e d  he re  r e l a t i v e  to  the  
e l e c t r i c a l  r e s i s t i v i t y  components can be e x te n d e d  t o  the case  o f  
the t h e r m a l  r e s i s t i v i t y  components.  I t  s h o u ld ,  n e v e r t h e l e s s ,  
be p o i n t e d  ou t  t h a t  the  e x a c t  c o r re s p o n d e n c e  is  p o s s i b l e  o n l y  i f  
the l a t t i c e  c o n d u c t i v i t y ,  X , can be n e g l e c t e d -  A g a in ,  most o f  
th e  d e t a  i l e d  c a l e u l a  t  ions a r e  gi ven In  Append ix  A w i t h  th e  main  
r e s u l t s  e xp re s s e d  in  Eq. A - 15 as:
Y k' '  =* H  *
S ' H * '  (<e>)
V  " 1 X 1
w here  | X ! = A ' ^ H ^ + B ' ^ H ^ + A ' ( X  + 2X ) H ^ + X (X + X ) ,
9 9 9
The second te rm o f  th e  sum is  p re d o m in a n t  in  the f i e l d  range
o
s t u d i e d ,  X is  the  th e rm a l  c o n d u c t i v i t y  o f  the  open o r b i t  e l e c t r o n s ,
X g is  the  l a t t i c e  c o n d u c t i v i t y ,  and A'  and B' a r e  d e t e r m in e d  by
- 2  “ 1th e  h ig h  f i e l d  a p p r o x i m a t i o n  X «  A 1H and X = B'H
xx  xy
I f  a l l  terms in  the  d e n o m in a to r  can be n e g l e c t e d  e x c e p t
2 -  2
f o r  B* H , th e n  th e  r e s i s t i v i t y  becomes:
^ * h  h *  ( 7 )
B  B 1
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2 o p 2
Thus the  s lo p e  o f  v  vs H Is  (X s i n  0 + X ) / B '  and the  r  xx g
( - )  P ° P
s lo p e  o f  Hy /y vs H Is s i n  0 + 1 ) / B ' .xx yx g
I f  the  e x p e r i m e n t  c o u ld  be p e r fo rm e d  under  the  i d e a l  c o n d i t i o n
2
o f  s i n  6 = 1 then  thes e  s lo p e s  would  s i m p l i f y  to
( V  + ) B* 1 and (V  ) ft” '
o _ p o _ 1
w h ich  would f u r t h e r  s i m p l i f y  t o  X B' and X B1 i f  X is
9
n e g l i g i b l e -  A ga in  i t  is  i n t e r e s t i n g  t o  n o te  t h a t  i n  e i t h e r  case
o o
th e  s lo p e s  a r e  p r o p o r t i o n a l  t o  X + ( o r  ^ '  ant* f u r t h e r m o r e
t h a t  the te rm B ’ is  s im p le  t o  o b t a i n -  Indeed i f  one n e g l e c t s
phonon d r a g ,  B' = BL^T where  is  the  Lorenz number and B 1 is
g i v e n  as the  v a l u e  o f  H/y  ̂  ̂ i n  the  range where the  a p p r o x i m a t i o nyx
_ p
|X |  «  B 'H  can be made-
i t  is o f  i n t e r e s t ,  when one wants  t o  compare th e rm a l  r e s i s t a n c e
w i t h  e l e c t r i c a l  r e s i s t a n c e ,  t o  s c a l e ,  f o r  e x a m p le ,  the  th e rm a l
r e s i s t a n c e  w i t h  the  W iedemann-Franz  r a t i o  L T- Then i f  one s t u d i e sn
th e  terms v  L T and y  L T one o b t a i n s  w i t h  B* = BL T the  ' x x  n ' y x  n n
v a l u e s  f o r  th e  s lo p e s :
L ' -  h* Q - 1 L , "  ;  *  -t  B ' 1
L T  |_ » T
D- D e f i n i t i o n  and D e t e r m i n a t i o n  o f  the  S c a t t e r i n g  
E f f i c i e n c y  R e l a t i v e  t o  th e  Open O r b i t  E l e c t r o n s
I f  r  is  th e  number o f  c o l l i s i o n s  n e c e s s a r y  t o  s c a t t e r  an
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e l e c t r o n  from a p o i n t  in  the  open o r b i t  r e g i o n  t o  a p o i n t  in  the  
a d j  a c e n t  c lo s e d  o r b i t  r e g i o n ,  th e n  r  w i l l  depend on the i n i t i a l  
p o s i t i o n  o f  th e  e l e c t r o n  in  the open o r b i t  s l i c e ,  the w i d t h  o f  
the s l i c e ,  and the  typ e  o f  s c a t t e r i n g  in v o lv e d .  I f  the s c a t t e r i n g  
is due o n l y  t o  s m a l l  a n g l e  s c a t t e r i n g  by low e n e r g y  phonons, the  
number o f  c o l l i s i o n s ,  r depends on the  phonon d i s t r i b u t i o n  as w e l l .
T h e r e f o r e ,  a v e r a g i n g  the  i n i t i a l  s t a t e s  o f  the  e l e c t r o n s  o v er  the  
w i d t h  o f  the  open o r b i t  r e g i o n ,  the a v e ra g e  number o f  c o l l i s i o n s
r and r  n e c e s s a ry  f o r  e l e c t r o n  r e l a x a t i o n  a r e  e x p e c te d  t o  depend
on the  w i d t h  o f  the  s l i c e  and th e  phonon d i s t r i b u t i o n ,  i . e . ,  the  
t i l t  a n g l e  O' and the  t e m p e r a t u r e  T. I t  may be no ted  t h a t  some 
e l e c t r o n s  a re  b e i n g  e f f i c i e n t l y  s c a t t e r e d  w i t h o u t  b e in g  b ro u g h t  
out o f  the  open o r b i t  zo ne .  Those cases a r e  b e in g  i n c lu d e d  in  
th e  r  a v e r a g e .
A good e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  r can be o b t a i n e d  f rom  
the  r e s i s t i v i t y  d a t a  in  the  f o l l o w i n g  manner .
As p o i n t e d  o u t  in  the  i n t r o d u c t i o n ,  when e l e c t r o n s  a r e  
s c a t t e r e d  by i m p u r i t i e s ,  phonons, e t c . ,  i . e . ,  when b o th  
r a n d o m i z a t i o n  and v e r t i c a l  p ro c es s es  o c c u r ,  the  r a n d o m i z a t i o n  
proc ess  a f f e c t s  e q u a l l y  the  e l e c t r i c a l  and t h e r m a l  c o n d u c t io n -  
The v e r t i c a l  p rocess  a c t s  s o l e l y  on th e  th e rm a l  c o n d u c t i o n .  One 
may say  th e n  t h a t  the t h e r m a l  c o n d u c t io n  would be a f f e c t e d  by 
most c o l l i s i o n s ,  those  b e i n g  e i t h e r  r a n d o m iz in g  o r  n o n - r a n d o m iz in g  
c o l l i s i o n s .  In  the  case o f  e l e c t r i c a l  c o n d u c t i o n ,  on the o t h e r  
hand, o n l y  the  ra n d o m iz in g  c o l l i s i o n s  a r e  e f f e c t i v e ,  th e s e  b e in g  
a s s o c i a t e d  p r I m a r l l y  w l t h  s c a t t e r i n g  f rom  open t o  c lo s e d  o r b i t s .
In  s h o r t ,  the  th e r m a l  c o n d u c t i v i t y  X °  is  l i m i t e d  by most
o
c o l l i s i o n s ,  and the  e l e c t r i c a l  c o n d u c t i v i t y  o is  l i m i t e d  m a i n l y
by those c o l l i s i o n s  w h ic h  s c a t t e r  an open o r b i t  s t a t e  i n t o  a
o o
c lo s e d  o r b i t  s t a t e .  Thus com p ar is o n  o f  X and o s hou ld  i n d i c a t e
hov many c o l l i s i o n s ,  on th e  a v e r a g e ,  a r e  n e c e s s a r y  to  e f f i c i e n t l y
s c a t t e r  the e l e c t r o n s ,  i . e . ,  remove them f rom  the open o r b i t  zone .
As a m a t t e r  o f  f a c t  the Wiedemann-Franz  law i n t e r p r e t s  j u s t  t h a t -  
o _ j
W r i t i n g  X ~  a>c , i . e . ,  th e  t h e r m a l  c o n d u c t i v i t y  i n v e r s e l y
o _ i
p r o p o r t i o n a l  t o  the  c o l l i s i o n  f r e q u e n c y ,  and o ~  coe f f  > <■«•>
th e  e l e c t r i c a l  c o n d u c t i v i t y  i n v e r s e l y  p r o p o r t i o n a l  t o  th e
o o
f r e q u e n c y  o f  e f f e c t i v e  c o l l i s i o n s ,  i t  is  fo und  t h a t  a  A  ~  
tu / id Thus th e  r a t i o  o f  the  c o n d u c t i v i t i e s  is  p r o p o r t i o n a l
t o  r ,  the  number o f  c o l l i s i o n s  n e c e s s a r y  t o  produce  e f f i c i e n t
s c a t t e r i n g .  S in c e  the W iedem ann-Franz  law a p p l i e s  in  th e  form
o o
L T a  = X when ai , ,  -  a> , and s in c e  X and o a re  p r o p o r t io n a l  n e f f  c r
to  cu * and cd , ,  * then  c e f f
I l h X J T  * -  J j l i .  -  Y  
X° tdel*
S in ce  the  s lo p e s  o f  Hy / y ^   ̂ and Hp / p ^   ̂ a r e  r e s p e c t i v e l yxx  yx x x  yx
o  O _ ]
L' = (X + X ) / L  TB and S' = ct B ,  t h e n ,  when X = 0 ,  t h e  r a t i o  g n * g
o f  the  s lo p e s
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i s  J u s t  the q u a n t i t y  r  d e f i n e d  above.
In  the  case where  \  c a n n o t  be n e g l e c t e d ,  one s h o u ld  c o r r e c t
the  Hv / v ^   ̂ q u a n t i t i e s  f o r  the  X te rm  e i t h e r  by c a l c u l a t i o n  o fxx  yx g 1
X or  by e m p i r i c a l  c o r r e c t i o n s .  Thus w i t h  B p r a c t i c a l l y  in d e p en d e n t
o _ 1
o f  a  { i . e . ,  X ) the  s lo p e  L^" = (X ^ /L ^ T jB  f o r  a  = 0 s hou ld  be
s u b t r a c t e d  f ro m  the e x p e r i m e n t a l  s lo p e  L" a t  o  /  0 and one would
e x p e c t  t h a t  the  q u a n t i t y  SM/{L" -  L g " )w o u ld  g i v e  the  q u a n t i t y  r
more c o r r e c t l y -  The s lo p e  r a t i o  S " / L "  is  r e f e r r e d  t o  as r " .
The same c o n c l u s i o n s  a r e  reac hed  when one c o n s i d e r s  the  s lo p e s
d e t e r m in e d  I n  th e  I  Ty and o e q u a t i o n s .  Th e re  one hasn xx xx
c X  f  B
o _2
and S ' o B and t h e  q u a n t i t y  S ' / L '  is a good measure o f  r when
X^ is  n e g l i g i b l e .  O t h e r w is e ,  S' /^_'  -  L ^ ^ s h o u l d  be used w i t h  '
h a v in g  a d e f i n i t i o n  s i m i l a r  t o  the  d e f i n i t i o n  o f  Lq ' . The v a lu e
S ' / L 1 w i l l  be r e f e r r e d  t o  as r 1.
In  s h o r t ,  r ,  r ' ,  r "  s ta n d  f o r  the  r a t i o s :  a> Ao S ' / L ' ,7 c e f f
S " / L " ,  r e s p e c t i v e l y .  The c o r r e c t e d  r a t i o s  S ' / ( L '  -  Lq ' ) ,
S " / ( L "  -  Lq " )  a r e  d e n o te d  as r c ' and r One e x p e c t s  then
r ca r  ' cy r  " c a r 1 r " .  c c
These r e s u l t s  a p p l y  as w e l l  when the  a n g l e  0 /  9 0 ° •  In d e e d ,
5 '  , 0 "  s " 1
l / - l / .  X0 y m * $
i . e . ,  r ,  where I t  I s  u n d e rs t o o d  t h a t  the e x p e r i m e n t a l  c o n d i t i o n s  
( e s p e c i a l l y  6 )  a r e  th e  same f o r  b o t h  th e  e l e c t r i c a l  and t h e r m a l  
measuremen t s •
I I I .  EXPERIMENTAL DETAILS 
A- Sample P r e p a r a t i o n
The sample used in  the  e x p e r i m e n t  was p r e p a r e d  from a zone -  
r e f i n e d  b a r  o f  t h a l l i u m  m e t a l  o b t a i n e d  from Cominco Produces I n c . ^  
(q u o ted  p u r i t y :  9 9 - 9 99 9 $ ) -
To o b t a i n  the  sample the  s t r a i n - a n n e a  1 te c h n iq u e  o f  c r y s t a l  
g row th  was a d o p te d  w h e r e i n  a 2  in-  l e n g t h  o f  the  t h a l l i u m  bar  was 
s u b j e c t e d  t o  a l o n g i t u d i n a l  c o m p res s io n  r e s u l t i n g  in  about  a one 
p e r c e n t  d e f o r m a t i o n  in  l e n g t h .  The b a r  was then e t c h e d  t o  remove 
the  o x i d e  c o a t i n g  and s e a l e d  in  a Pyrex  g la s s  tube under  vacuum.
Next the  b a r  was p la c e d  in  an oven and a n n e a le d  a t  220°C  f o r  10 
days-  The a n n e a l i n g  t e m p e r a t u r e  was chosen to  be 10°C be low the  
t e m p e r a t u r e  o f  the  t r a n s i t i o n  f rom the  body c e n t e r e d  c u b i c  t o  th e  
h e xa gona l  c l o s e - p a c k e d  phase.  As a r e s u l t  o f  the  a n n e a l i n g ,  f o u r  
o r  f i v e  l a r g e  s i n g l e  c r y s t a l s  w ere  produced in  th e  bar  and s e p a r a t e d  
by s p a r k  c u t t i n g .  One was chosen f o r  use in  t h i s  e x p e r i m e n t .  I t  
was th en  c u t  and s p a r k  p la n e d  i n t o  a r e c t a n g u l a r  p a r a l l e l e p i p e d  
w i t h  d im en sions  1 8 . 0  X 4 . 0 2  X 1 -1 5  mm such t h a t  the  l e n g t h  was 
p a r a l l e l  t o  a [ 1 01 0 ]  c r y s t a l  a x i s  and th e  l a r g e  f a c e  was 
p e r p e n d i c u l a r  t o  the  hexagona l  d i r e c t i o n  [ 0 0 0 1 ] .
B. Thermometer  P r e p a r a t i o n  and Thermometry
The d e t e r m i n a t i o n  o f  the  t h e r m a l  e f f e c t s  r e q u i r e s  the  
measurement o f  t e m p e r a t u r e  g r a d i e n t s  In  d i r e c t i o n s  b o th  p a r a l l e l
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and p e r p e n d i c u l a r  t o  the  d i r e c t i o n  o f  the  h e a t  c u r r e n t -  T h is  
r e q u i r e s  the use o f  f o u r  the rm om e ters -  Thus,  i n  o r d e r  t o  be 
a d a p t e d  f o r  use as low t e m p e r a t u r e  th e r m o m e te r s ,  s e v e r a l  carbon  
r e s i s t o r s  ( A l l e n  B r a d l e y ,  1+7 £7 1 /1 0  w a t t )  were s t r i p p e d  o f  t h e i r  
i n s u l a t i o n -  Formvar i n s u l a t e d  copper  w i r e  was wound t i g h t l y  
around the exposed g r a p h i t e  o f  each r e s i s t o r  w h ich  was then co a ted  
w i t h  i n s u l a t i n g  v a r n i s h  (G-E- 7 0 3 1 ) -  ^he i n s u l a t i o n  was removed  
from the f r e e  end o f  the coppe r  wi re so i t  c o u ld  be s o l d e r e d  to  
the  sample-  The therm om eters  thus p r e p a r e d  were matched in  p a i r s  
by com par ing  the  change in  r e s i s t a n c e  o f  each th e rm o m eter  as a 
f u n c t i o n  o f  t e m p e r a t u r e  in  the l i q u i d  h e l iu m  range and as a f u n c t i o n  
o f  m a g n e t ic  f i e l d -  Two p a i r s  o f  th e rm o m e te rs ,  each p a i r  h a v in g  
w e l l  matched c h a r a c t e r i s t i c s ,  were  s o l d e r e d  a l o n g  and a c ro s s  the  
sample w i t h  60/1+0 B i -C d  e u t e c t i c -  The same s o l d e r  was used to  
a t t a c h  the  h e a t e r  ( 3 0 1* o f  Advance r e s i s t a n c e  w i r e  wound on No- 2 2  
i n s u l a t e d  coppe r  w i r e )  t o  th e  lower  end o f  the  sample.  The upper  
end o f  the  sample  was s o l d e r e d  t o  a co p p e r  p i e c e  w h ich  e x te n d e d  
th ro u g h  the  vacuum chamber c o n t a i n i n g  the sample to  the  h e l iu m  
b a t h .  The c o p p e r  s e rv e d  as a good th e r m a l  c o n d u c to r  so t h a t  the  
upper  end o f  the  sample had c l o s e  t h e r m a l  c o n t a c t  w i t h  the  h e l iu m  
b a t h .  Thus,  the  h e a t  g e n e r a t e d  by the  h e a t e r  f lo w e d  th ro u g h  the  
sample w i t h  o n l y  n e g l i g i b l e  losses  th ro u g h  o t h e r  p a r t s -
Each therm om eter  r e s i s t a n c e  was d e t e r m in e d  by m a i n t a i n i n g  
a c o n s t a n t  c u r r e n t  th ro u g h  the  the rm om e ters  and m e a s u r in g  the  
v o l t a g e  a c ro s s  I t  w i t h  a Leeds and N o r t h r u p  t y p e  K~3 U n i v e r s a l
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P o t e n t i o m e t e r .  The same i n s t r u m e n t  was used t o  measure the  h e a t e r  
c u r r e n t  and v o l t a g e  v a l u e s .  S ince  th e  h e a t e r  e x h i b i t e d  a 
s i g n i f i c a n t  m a g n e t o r e s i s t a n c e , i t  was n e c e s s a r y  t o  d e t e r m in e  the  
h e a t e r  c u r r e n t  and v o l t a g e  each  t im e  the  m a g n e t ic  f i e l d  was 
c h a n g e d .
C- A p p a ra tu s  f o r  E l e c t r i c a l  Measurements
To g e t  the  i s o t h e r m a l  c o n d i t i o n s  n e c e s s a ry  f o r  the  e l e c t r i c a l  
measurements,  the  sample was immersed d i r e c t l y  in  the  h e l iu m  b a t h .  
The H a l l  and m a g n e t o r e s i s t a n c e  probes (No. 30  C o n s ta n ta n  w i r e )  were  
a t t a c h e d  to  the  c o r r e s p o n d i n g  th e rm a l  probes so t h a t  the measure­
ments c o u ld  be made a t  the  same p o i n t s .  The lower c r y s t a l  c u r r e n t  
copper  le a d  was l e f t  in  p l a c e  o n l y  d u r i n g  e l e c t r i c a l  measurements  
s in c e  i t  would a c t  as a h e a t  l e a k  f o r  th e  t h e r m a l  c u r r e n t -  
The e l e c t r i c a l  m e a s u r in g  c i r c u i t  c o n s i s t e d  o f  a 6 - d i a l  
Rubicon p o t e n t i o m e t e r ,  a d - c -  a m p l i f i e r  ( K e i t h l y  n a n o v o l t  d e t e c t o r )  
and a Brown s t r i p  c h a r t  r e c o r d e r .  A t  the  h i g h e s t  s e n s i t i v i t y  the  
peak t o  peak  n o is e  l e v e l  f o r  t h i s  system was a p p r o x i m a t e l y  
5  n a n o v o l t s .
0. T e m p e ra tu re  R e g u l a t o r s
Two d i f f e r e n t  types  o f  t e m p e r a t u r e  r e g u l a t o r s  were used, one
f o r  te m p e r a t u r e s  above 2-*+°K and one f o r  2 - 2° K  and lo w e r .  These
18have been d e s c r i b e d  by Long. The v ap o r  p r e s s u r e  o f  th e  h e l iu m  
b a t h  was i n d i c a t e d  by  a Bourdon tu b e  p r e s s u r e  gage (Texas  
I n s t r u m e n t s ,  I n c . ) .  The b a t h  t e m p e r a t u r e  c o u l d  be m a i n t a i n e d
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c o n s t a n t  w i t h i n  a m i l  I I  d e g re e  o f  t e m p e r a t u r e  by o b s e r v i n g  the  
p r e s s u r e  on the  T . I . gage and m a n u a l l y  c o r r e c t i n g  the  te m p e r a t u r e  
r e g u l a t o r .
E. Magnet
The i r o n  c o re  Weiss magnet used t o  produce  the  m a g n e t ic
f i e l d  had 8 ~ in c h  d i a m e t e r  p o le  p ie c e s  w i t h  a 1 5 / 8 "  gap- A
c u r r e n t  o f  8 0  amps produced a f i e l d  o f  18,*+10 G, w h ich  was the  
maximum f i e l d  used. The magnet was mounted so t h a t  the  f i e l d  
c o u l d  be r o t a t e d  3^ 0°  about  a v e r t i c a l  a x i s -
F. Measurement  P roce dure
The sample was p l a c e d  in  th e  h o l d e r  w i t h  the  long d im en s io n
v e r t i c a l .  The c u r r e n t s  J and W f  leaved v e r t i c a l l y  in th e  sample
and were  thus  p e r p e n d i c u l a r  to  the  f i e l d  so as t o  f u l f i l l  the
c o n d i t i o n s  f o r  the  d e f i n i t i o n s  o f  the  f o u r  d e s i r e d  e f f e c t s ,  v i z . ,
p , p , y  , and y  . A r o t a t i o n  o f  the  magnet by 1 8 0 °  p r o v i d e d  xx  yx xx yx
th e  n e c e s s a r y  r e v e r s a l  o f  f i e l d ,  + H t o  -  H. W i t h  the  f i e l d
d i r e c t i o n  ( z )  n e a r  the  [ 0 0 0 l 3 c r y s t a 1 l o g r a p h i c  a x i s  ( 3 ' ) »  Pxx was
f i r s t  measured a t  f o u r  g i v e n  v a lu e s  o f  the  f i e l d ,  th en  p wasyx
measured under  th e  same c i r c u m s t a n c e s -  The f i e l d  was th en  r o t a t e d  
by a s m a l l  i n c re m e n t ,  Aof, and the  measurement o f  p a t  the  f o u r  
f i e l d  v a l u e s  was r e p e a t e d  and t h e r e a f t e r  p was measured- T h is  
p r o c e d u re  was r e p e a t e d  so as  t o  have th e  Px x > PyX d a t a  c o r r e s p o n d in g  
t o  a span o f  -  1 0 °  <  cr1 <  1 0°  a ro u n d  the  3 ’ d i r e c t i o n .  P r e c i s e
3**
d e t e r m i n a t i o n  o f  the  3 ' d i r e c t i o n  was p r e - e s t a b  1 ished by l o c a t i n g
the  sh arp  minimum in  p as a f u n c t i o n  o f  a '  w h ich  occurs  f o r
t h i s  o r i e n t a t i o n .
The measurements  o f  p were  r e p e a t e d  f o r  e v e r y  f i e l dyx r  7
o r i e n t a t i o n  180°  f rom those  used in  the  p r i m a r y  a n g u l a r  span so as
t o  o b t a i n  p ( - H ) .  I t  was thought u n n e c e s s a ry  t o  seek  the p ( - H )  
yx xx
d a t a .
The t e m p e r a t u re s  a t  w h ic h  th ese  s e t s  o f  d a ta  were ta k e n  were
k . l ,  3 - 0 , 2 . 0 , 1 . 6 , and 1 . 25 °K-
A s i m i l a r  p ro c e d u re  was f o l l o w e d  i n  th e  d e t e r m i n a t i o n  o f
t h e r m a l  r e s i s t i v i t y  c o e f f i c i e n t s  e x c e p t  f o r  a r e l a t i v e l y  l e n g t h y
d e t e r m i n a t i o n  a t  e a c h  range o f  t e m p e r a t u r e s  o f  th e  c a l i b r a t i o n  o f
the  h  therm om eters  a t  z e r o  f i e l d  and a t  the f i e l d  v a l u e s  used-
In  c o n t r a s t  t o  the p p r o c e d u r e ,  i t  was found n e c e s s a r y  t o  d e t e r m in e
v  ( ~ H ) ,  whereas  e x p e r i m e n t a l  d i f f i c u l t i e s  made the  measurements  xx
a t  1 • 2 5 °K  u n a t t a i n a b l e .  The l e n g t h y  p r o c e d u re  in  th e  t h e r m a l  case  
l e d  t o  l i m i t i n g  the number o f  o r i e n t a t i o n  p o i n t s  to  a b o u t  h a l f  
those  f o r  the  p d a t a .
B e s id e  th e s e  s e t s  o f  d a t a ,  some o t h e r  e x p l o r a t o r y  o r  s e c o n d a ry  
e x p e r im e n t s  were  made, such as t i l t i n g  the  c r y s t a l  d i r e c t i o n  f rom  
the  v e r t i c a l  p o s i t i o n ,  s t u d i e s  w i t h  the  f i e l d  n ear  the  [1 2 1 0 3  
d i r e c t i o n  and d e t e r m i n a t i o n  o f  t h e r m o e l e c t r i c  and N e r n s t -  
E t t i n g h a u s e n  e f f e c t s  a t  the  f o u r  t e m p e r a t u r e s .  But most o f  th ose  
d a t a  a r e  i n d i r e c t l y  r e l a t e d  t o  th e  e f f e c t  under  s t u d y  and may 
o n l y  b r i n g  some j u s t i f i c a t i o n  t o  some o f  the  a p p r o x i m a t i o n s  made 
in  t h i s  work- These e x p e r i m e n t s  e r e  t h e r e f o r e  not  b e i n g  a n a l y z e d  
h e r e .
IV.  EXPERIMENTAL RESULTS
The r e s i s t i v i t y  r a t i o  2°K^ ^ ° r t îe t *n|a^ ' um samP l e
was measured and found t o  be 1 0 ,4 0 0 .  T h is  compares f a v o r a b l y  w i t h
19the r a t i o  o f  1 0 ,0 0 0  q uoted  by A le k e e v s k i  i and G aidukov  and
i n d i c a t e s  t h a t  the sample was r e l a t i v e l y  p u re  and f r e e  o f  s t r a i n .
E l e c t r i c a l  and th e rm a l  r e s i s t i v i t y  d a t a  were ta k en  as a
f u n c t i o n  o f  t e m p e r a t u r e  as w e l l  as a f u n c t i o n  o f  the m a gn i tude
and d i r e c t i o n  o f  the  m a g n e t ic  f i e l d  f o l l o w i n g  the  p ro c e d u re
o u t l i n e d  in  the  p r e c e e d i n g  c h a p t e r .
F ig u r e  7  ' s a com pos i te  o f  p and \ xx  d a ta  c o r r e s p o n d i n g
t o  the  f i r s t  s t e p  in the e x p e r i m e n t a l  p r o c e d u r e ,  i . e . ,  a t  a c o n s t a n t
t e m p e r a t u r e .  The v a lu e s  o f  p a t  f o u r  d i f f e r e n t  v a l u e s  o f  the
m a g n e t ic  f i e l d  a r e  d e t e r m in e d  as a f u n c t i o n  o f  the  t i l t  a n g le  or
and a r e  shown in  the upper  p a r t  o f  the f i g u r e .  The c u rv e s  in  the
lower  p a r t  o f  t h i s  f i g u r e  r e p r e s e n t  the c o r r e s p o n d i n g  r e s u l t s  f o r
V s c a l e d  w i t h  the  Wiedemann-Franz law r a t i o ,  L T- T h e r e f o r e ,  
xx n
th e  s c a l e s  f o r  p and L T v  a r e  th e  same, v i z . ,  ohm-cm. The 
xx  n xx
main f e a t u r e  o f  the se  c u rv e s  is  th e  e x i s t e n c e  o f  a minimum where
or — 0.  The r i s e  o f  p when lari is  i n c r e a s e d  is  a s s o c i a t e d  w i t hxx 1 1
the in c re a s e d  c o n t r i b u t i o n  o f  th e  open o r b i t s  th ro u g h  the  term
o p 2  2o s in  0 H /B • A s im i l a r  term accounts f o r  the same e f f e c t  in the

















The c o r r e s p o n d i n g  d a ta  a t  3°K> 2°K and 1 . 6 °K  a r e  shown in  
F ig s .  8 ,  9 ,  and 10,  r e s p e c t i v e l y .
°  2 2The d e t e r m i n a t i o n  o f  the s lo p e s  S' = cr s i n  8 /B  were made
g r a p h i c a l l y  by the use o f  c u rv e s  o f  the type  shown in  F i g .  11,
2
where  p is p l o t t e d  vs H . The d a t a  in  F ig .  11 c o r re s p o n d  to  
a t e m p e r a t u r e  T 2°K and a r e  shown f o r  d i f f e r e n t  t i l t  a n g le s  o'.
The cu rve s  a r e  a p p r o x im a te d  by s t r a i g h t  l i n e s  t o  a l l o w  the d e t e r ­
m i n a t i o n  o f  the  s lo p e  c o e f f i c i e n t  S ' -  The c u rv e s  c u t  the o r d i n a t e
2
a t  the v a l u e  A/B in d ep en d e n t  o f  o  f o r  s m a l l  v a l u e s  o f  t h a t  a n g l e .  
As e x p e c te d  the  s lo p e  i n c r e a s e s  as the  a n g l e  a  i s  i n c r e a s e d .
The d e t e r m i n a t i o n  o f  the s lo p es
L /  =  \  I
were s i m i l a r l y  made t h ro u g h  graphs  o f  the  type  shown in  F i g .  12
where L T v  a t  2 °K  is  p l o t t e d  vs H f o r  d i f f e r e n t  v a lu e s  o f  o,  n 1 xx
F ig u r e  13 shows the  c o m p o s i te  r e s u l t  o f  thes e  d e t e r m i n a t i o n s  
where the v a l u e s  o f  S' and L 1 a t  2 °K  a r e  r e p r e s e n t e d  vs th e  t i l t  
a n g l e ,  o.  As e x p e c t e d ,  th e  v a l u e s  S' and L' a lm o s t  v a n i s h  as o  
approaches  z e r o -
Curves o f  the  type  11,  12,  and 13 c o r r e s p o n d i n g  t o  the  
d e t e r m i n a t i o n  o f  S* and L ’ a t  1 ■ 6 ° K ,  3 ° K j and *♦. 1°K a r e  not  shown,  
b u t  the c o r r e s p o n d i n g  v a l u e s  o f  S' and L* a r e  l i s t e d  in  T a b l e  I .
I t  s h ou ld  be no ted  t h a t  th e  a n g le  a  l i s t e d  in  T a b le  1 is  e x p re s s e d  
in  r a t h e r  u n o r th o d o x  u n i t s  such t h a t  10 o f  th e s e  u n i t s  o f  a n g l e  a r e  
e q u i v a l e n t  t o  0 - 5 6 7 5  d e g re e s  ( I . e . ,  6 ^ 00  u n i t s  = 36O0 ) .
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TABLE I .  S' and L ’ ^ - c m - G " 2  X 1 0 * 16]
4 . 1°K 
S' L' r '
- - - — —
0.03 0.12 0.25
0 . U 0.16 0.70
0.22 0.20 1.11
0-37 0 . 2** 1.54
0-79 O.33 2-37




4. 12 0.84 4.90
4. 92 O.94 5-20
3.0°K  













2* 0 °K  










14.7 3* 35 4.39
17-5 3-90 4.49
20.5 4.44 4. 62
1 .6 ° K  
S' L'
0 . 10 0.02 5.00
0*35 0.15 2*33
1.05 0-39 2.69








24. 1 6.40 3.77
1*5
2 *  K




The n e x t  s t e p  in  the  d a t a  a n a l y s i s  p ro c e d u re  is  the  d e t e r -
-  O  p  2
mi n a t i o n  o f  the  r a t i o  r '  be tw een the  two s lo p e s  S' *  a  s i n  0 /B  
and
' _ + X 4 ^  -y
B ' 1
o  o
i . e . ,  r 1 rj (o A  )*-n^- T h is  r a t i o ,  in  the  case o f  n e g l i g i b l e
X , leads  t o  a r e a s o n a b le  d e t e r m i n a t i o n  o f  the  a v e ra g e  number o f  
9
c o l l i s i o n s  n e c e s s a r y  t o  have an e f f i c i e n t  s c a t t e r i n g .  The v a lu e s  
o b t a i n e d  f o r  r 1 a r e  l i s t e d  in  T a b l e  I and a r e  a l s o  r e p r e s e n t e d  
in  F i g .  11*. The e s t i m a t e d  e r r o r s  a t  1*. 1°K a r e  i n d i c a t e d  by e r r o r  
b a r s .  The r e l a t i v e  e r r o r  i n c re a s e s  as the  a n g l e  er ne ars  z e r o  
s in c e  th e  e x p e r i m e n t a l l y  measured v a lu e s  n ear  cr = 0 a r e  s m a l l  
as a r e  the s lo p e s  c a l c u l a t e d  f rom  thes e  v a l u e s  as may be seen in  
F ig .  I 3 . T h e r e f o r e ,  the  r a t i o  o f  the  s lo p es  c a r r i e s  a l a r g e  
a b s o l u t e  u n c e r t a i n t y  n ear  o  = 0 as compared t o  t h e  d a t a  o b t a i n e d  
a t  l a r g e r  a n g l e s .  The s e t  o f  c u rv e s  in  F i g .  1*4 shows c l e a r l y  
t h a t  f o r  a l l  t e m p e r a t u r e s  r*  is  o f  the  o r d e r  o f  a few u n i t i e s  
f o r  l a r g e  cr, I n d i c a t i n g  a poor  e f f i c i e n c y  o f  th e  s c a t t e r i n g .
The r *  v a l u e  f a l l s  t o  lower  v a lu e s  as cr n e ars  z e r o ,  so as t o  
fo rm a d i p  in  the r e p r e s e n t a t i v e  c u r v e .  T h is  i m p l i e s  t h a t  the  
s c a t t e r i n g  becomes more e f f i c i e n t  o v e r  a s m a l l  range o f  a  a round  
cr = 0.
I t  can  a l s o  be seen t h a t  th e  w i d t h  o f  the d i p ,  i . e . ,  th e  
e f f i c i e n t  s c a t t e r i n g  range i n c r e a s e s  w i t h  t e m p e r a t u r e .  T h is
k  7
g e n e r a l  b e h a v i o r  o f  the  r 1 c u r v e s ,  i . e . ,  the g e n e r a l  b e h a v i o r
o f  the s c a t t e r i n g  e f f i c i e n c y  is  in  agreem ent  w i t h  the  s c a t t e r i n g
mechanism o u t l i n e d  in  the i n t r o d u c t i o n  and p a r t  D o f  the t h e o r y
s e c t i o n ,  where i t  was seen t h a t  s m a l l  a n g le  phonon s c a t t e r i n g
becomes e f f i c i e n t  when open o r b i t  e l e c t r o n s  a r e  s c a t t e r e d  i n t o
c lo s e d  o r b i t  s t a t e s .  The t h i n n e r  the open o r b i t  s l i c e  th ic k n e s s
Ak^, the  more p r o b a b l e  i t  i s  f o r  s m a l l  q phonons t o  s c a t t e r
e l e c t r o n s  out o f  the  s l i c e .  Indeed as Ak is  d e c re a s e d  so as t oz
be o f  the  same o r d e r  as o r  s m a l l e r  than  q ( t h e  mean phonon wave
v e c t o r ) ,  the e f f i c i e n c y  would  ap p ro ac h  u n i t y .  S in ce  the open
o r b i t  s l i c e  t h i c k n e s s  Ak^ is  a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  the
t i  I t  a n g l e  or and s in c e  q is  p r o p o r t i o n a l  t o  the  t e m p e r a t u r e  T,
i t  can be u n d e rs to o d  t h a t  e f f i c i e n c y  can be measured as cr i s
v a r i e d  as w e l l  as when T is  v a r i e d .  One may e x p re s s  t h i s  p r o p e r t y
by s t a t i n g  t h a t  the a n g u l a r  range o f  h ig h  e f f i c i e n c y  w i l l  i n c r e a s e
w i t h  the t e m p e r a t u r e  so as to  match  the  a p p r o x im a t e  e u q a t i o n
p ■ Ak^ <3=1 q.  I f  one ta k e s  i n t o  a c c o u n t  t h a t  the s c a t t e r i n g
d i s p l a c e s  the  e l e c t r o n s  on t h e  FS i n s t e a d  o f  in  th e  k d i r e c t i o n  r  z
( e x c e p t  a c c i d e n t a l l y ) ,  one may use an a v e r a g e d  v a l u e  f o r  p «  1 -5
t o  a cc o u n t  f o r  t h i s  t o p o l o g i c a l  f e a t u r e .  At U . 1 ° K  w i t h
q = 1*+ X 10^ cm * the  e f f i c i e n c y  w i l l  be good, up t o  a v a lu e  o f  
7  “ 1Ak^ <=3 10 cm , a s l i c e  t h i c k n e s s  c o r r e s p o n d i n g  t o  a t i l t  a n g l e  
o f  a  2 -5  d e g r e e s .
The few degree range over which the d ip  o f  the r '  curve  
extends, appears th e re fo re  q u a l i t a t i v e l y  c o r r e c t ,  even though
the p r o p o r t i o n a l i t y  o f  the  d i p ' s  w i d t h  w i t h  T does not m a t e r i a l i z e .
For l a r g e  t i l t  a n g le s  where th e  s c a t t e r i n g  tends  toward
b u l k  s c a t t e r i n g ,  the d e c r e a s e  in  e f f i c i e n c y  as T changes from
k-  1°K t o  3 °K  is  c h a r a c t e r i s t i c  o f  phonon s c a t t e r i n g .  As T d e crea ses ,
an  i n c r e a s i n g  f r a c t i o n  o f  the  s c a t t e r i n g  is  due t o  i m p u r i t i e s  and
s i z e -  The b e t t e r  e f f i c i e n c y  o f  the se  s c a t t e r i n g  p ro ces ses  is
shown as a d e c r e a s e  in  r *  as T d e c re a s e s  t o  2 °K  and 1 .6 ° K .
As p o i n t e d  o u t  in  the  t h e o r y  s e c t i o n ,  one m ig h t  e x p e c t  a
b e t t e r  d e t e r m i n a t i o n  o f  th e  e f f i c i e n c y  by s t u d y i n g  the q u a n t i t i e s *
Hp /p ^   ̂ and Hy / y   ̂ ^ . T h i s  r e q u i r e s  th e  d e t e r m i n a t i o n  o f  th e  xx  yx xx  yx
c o r r e c t e d  H a l l  e f f e c t ,
were  a lm o s t  in d ep en d e n t  o f  the  a n g le  cr and t e m p e r a t u r e  T. T h is  
r e s u l t  I s  surranarized in  F i g .  16 w here  th e  a v e r a g e  v a l u e  o f
and the  c o r r e c t e d  R i g h t - L e d u c  e f f e c t ,
I t  was found e x p e r i m e n t a l l y :  1) t h a t  th e s e  q u a n t i t i e s  were
f a i r l y  l i n e a r  in  H as e x p e c t e d  f ro m  Eq. 2 '  (see  F i g .  15 ) *
2 )  t h a t   ̂ and L T y^  ̂ were  r e a s o n a b l y  e q u a l ,  and 3 ) t h a t  b o th  
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t e m p e r a t u r e s .  In  F i g .  I 7 the  same r e s u l t s  a r e  shown as a
f u n c t i o n  o f  t e m p e r a t u r e  f o r  d i f f e r e n t  t i l t  a n g le s *  One e x p e c t s
t o  o b t a i n  the v a l u e  o f  B = nec f o r  0 = 0 .  D i s c o u n t i n g  the  s t r a n g e
b e h a v i o r  o f  y  a t  2°K and 1 - 6 ° K ,  one g e ts  B * &  2 - 8 X 10 ^  ohm-cm/  yx
22gauss or n = 2 - 2  X 10 . Some a s p e c ts  o f  the H a l l  e f f e c t  and
R i g h i - L e d u c  e f f e c t  w i l l  be re v ie w e d  in  the  d i s c u s s i o n .
Us ing  th e  e x p e r i m e n t a l l y  d e t e r m in e d   ̂ and L T y^ ^
yx n yx
q u a n t i t i e s ,  the v a l u e s  o f  Hp / p ^   ̂ and Hy / y   ̂  ̂ were  o b t a i n e dxx yx xx yx
2 0  2 and p l o t t e d  vs H t o  d e t e r m in e  the s lo p e s  S' = o s in  0 /B  and
L" = (X s i n 2 0 + X ) / B L  T.  In  F i g .  18 the  v a lu e s  o f  Hp /p ^  ^g n 3 xx  yx2
as a f u n c t i o n  o f  H a t  2 °K  f o r  t h r e e  o r i e n t a t i o n s  a r e  g iv e n .
S i m i l a r  c u r v e s  c o r r e s p o n d i n g  t o  Hy / y ^   ̂ a r e  shown in  F ig .  19.
xx  yx
T a b le  I I  l i s t s  the  s lo p e  SM and L” as w e l l  as th e  r a t i o  r "  o f  
th e s e  s lo p e s .  The r e p r e s e n t a t i o n  o f  r "  vs cr f o r  the  d i f f e r e n t  
t e m p e r a tu re s  is  seen i n  F i g .  20 .  No b a s i c  d i f f e r e n c e s  w i t h  
F i g .  1*+ a r e  found and the  d a t a  a n a l y s i s  gave no r e a l  i n d i c a t i o n  
t h a t  the  r "  d a t a  were  In  a n y  way s u p e r i o r  t o  th e  r ‘ d a t a .
In the de te rm ina tion  of r* or r "  using the uncorrected slope 
(uncorrected fo r  the best th a t  one may o b ta in  is the q u a n t i ty
( T ' - j ' r 1- * —  U T
O p  O  p
Si nee b o t h  a  s i n  9 and X s i n  6 -* 0 as cr -• 0 ,  th e  v a l u e
\ V  A j i V d /  UJepP \ ' A’ S.w'O/
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0 — 0.44 — 0.05 0-25 0.20 0.20 0-07 2.86 0.25 0.20 1-25
10 0.09 0.47 0.19 0.45 0.37 1.22 1. 10 0.4 2-75 1.40 0.60 2-33
20 0.41 O.56 0.73 1.50 0.62 2.42 2-70 1.12 2.41 3.60 1.50 2.40
30 0.90 O.7O 1-29 3.00 0-93 3-22 5 . 3O 1-95 2-72 6.60 2-80 2.36
40 1.43 0.90 1-59 4.90 1.30 3.77 8 . 3O 2.84 2-92 10.2 4.40 2.32
50 2-15 1. 10 1-95 6.80 I .65 4. 12 11.8 3-75 3-15 14.2 6.10 2-33
60 3-00 1-30 2-31 9.00 2.00 4 . 5O 15-8 4.80 3-29 18. 7 7-90 2-37
70 3*95 1.50 2.63 11.3 2.42 4.67 20.0 5-90 3.45 23-7 9-70 2-44
80 4.85 1.71 2.84 14.0 2-75 5-09 24.8 7.00 3-54 29-5 11.6 2.54
90 6.05 1-92 3-15 17-1 3-15 5-43 29- ” 8 . 12 3.66 35-7 13-5 2-64
100 7*25 2.14 3-39 20.4 3-52 5.80 35-0 9-35 3-74 41.7 15.5 2.69
110 8.65 2.36 3.66 24.0 3-92 6.12 40. 7 10.6 3-84 48.0 17-5 2.74
120 10.3 2 5 9 3-98 27-8 4.30 6.46 46. 7 11.8 3-96 55-2 1 9 5 2.83
130 11-9 2-82 4.22 31-4 4. 70 6.68 53-2 12-9 4.22 62.0 21.4 2.90
140 13-4 3-02 4.44 35-4 5.10 6.94 59-5 14.2 4.19 69.5 23-4 2-97
IJO 15-1 3-22 4.69 39-2 5.50 7- 13 65.7 15.4 4.27 76.5 25-3 3-02
160 16.8 3-*»3 4-90 43-3 — 72-0 16.6 4.34 83-5 27-2 3-07
170 I 8.5 3.65 5-07 47.8 — --------- 78.5 — — 91.0 — —
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does no t  g i v e  the  e x p e c t e d  v a l u e  tu /<u b u t  r a t h e r  t h a t  v a lu e
o o
d i v i d e d  by the  te rm  1 + X A  s i n  0 wh ich  i n c re a s e s  t o  i n f i n i t y
o 2
as X s i n  0 - ^ 0 .  Thus,  th e  d i p  in  the r c u r v e  c o u ld  be due to  the
l a t t i c e  c o n d u c t i v i t y .  I t  is  t h e r e f o r e  e s s e n t i a l  t h a t  the  v a l u e
o f  X be known or  a t  l e a s t  a p p r o x im a t e d  so as t o  a s c e r t a i n  the  
9 K
o t h e r w i s e  p r e c a r i o u s  c o n c l u s i o n  r e l a t i v e  t o  th e  s m a l l  a n g l e  
s c a t t e r i n g  mechanism-
The f i r s t  a p p r o x i m a t i o n  o f  X^ was made in  the f o l l o w i n g  way.
The minimum v a l u e  f o r  th e  s l o p e ,  L g 1 , shou ld  oc cur  f o r  O' = 0
p
and is  in  p r i n c i p l e  g i v e n  by L 1 = X L T / B '  f rom  which  one o b t a i n s  r  3 '  0 g n
2
X^ -  Lq * B ' / * -nT. The p r e c i s i o n  o f  L g 1 i s  v e r y  poor  and an upper
v a l u e  f o r  X is  g i v e n  by X -  5 .3  X 10 ^ T^ W-cm/°K ,  w h ich  is a 
9 9
r a t h e r  l a r g e  v a l u e  f o r  a phonon system  s c a t t e r e d  by m e t a l l i c  
e l e c  t r o n s -
The second a p p r o x i m a t i o n  was a t t e m p t e d  th rough  the  use o f  the
f o r m u l a , ^  X^ = 3 1 3 ( 7 / 8 ) ^  Ng Xj u s in g  the  v a l u e  f o r  the
phonon l i m i t e d  t h e r m a l  c o n d u c t i v i t y  o f  the  e l e c t r o n s  d e r i v e d  from  
SiZ a v a r ! t s k l i ' s  d a t a  and an a p p r o x im a t e d  d e t e r m i n a t i o n  o f  Ng from
22th e  r e s u l t s  o f  th e  work  o f  G a r f l n k e l  and L i n d e n f e l d .  T h is  second  
a p p r o x i m a t i o n ,  w h ic h  y i e l d s  the  s e t  o f  v a lu e s  f o r  X^ o f  7 t 15 
and 22  X 10 ^ W-cm/°K  f o r  1 . 6 ,  2 . 0 ,  and U . 1 ° K ,  r e s p e c t i v e l y ,
is  n e a r e r  the  e x p e c te d  o r d e r  o f  m ag n i tu d e -  In  v ie w  o f  the  r e l a t i v e l y  
good success o f  th e  fo r m u la  as shown by G a r f i n k e l ,  i t  is  th o u g h t  
t h a t  th e  f i r s t  a p p r o x i m a t i o n  is  to o  h ig h .  I t  i s  l i k e l y  t h a t  the  
h ig h  Lg" v a l u e  c o u l d  be due t o  an e f f e c t  s i m i l a r  t o  the  e f f e c t  
w h ich  produces  an u n e x p e c te d  n o n - z e r o  v a l u e  f o r  S g 1- The
58
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e x i s t e n c e  o f  the many s a d d le  p o i n t s  in  the  open o r b i t  zone may
be r e s p o n s i b l e  f o r  t h i s  b e h a v i o r .  I t  s h o u ld  a l s o  be p o i n t e d  o u t
o p
t h a t  in  the  t h e o r y  w hich  led  t o  the  v a l u e  X LnT / B '  f o r  L* -
a l l  second o r d e r  e f f e c t s  were  n e g l e c t e d ,  and i t  i s  l i k e l y  t h a t
o g
the te rm X. L T / B '  c o u ld  be s m a l l e r  o r  o f  th e  same o r d e r  as th ose  n
n e g l e c t e d  second o r d e r  te rm s .
Us ing  th e  second a p p r o x i m a t i o n  v a l u e s  f o r  X , the  c o r r e c t i o n  
was i n t r o d u c e d  in  the  r '  d a t a  and c o r r e c t e d  v a l u e s
were c a l c u l a t e d .  F ig u r e  21 shows a p l o t  o f  r  ' vs cr. There
appears  t o  be no s i g n i f i c a n t  change in  the  r 1 v a l u e s  when the
l a t t i c e  t h e r m a l  c o n d u c t i v i t y  is  ta k e n  i n t o  a c c o u n t .  As s hou ld
be e x p e c t e d ,  the  r '  v a l u e  is  in c re a s e d  a t  s m a l l  t i l t  a n g le s  by
t a k i n g  i n t o  a c c o u n t  X , b u t  the  g e n e r a l  shapes o f  the c u rv e s  a r e
unchanged. In  c o n t r a s t ,  the  use o f  the  f i r s t  X^ a p p r o x i m a t i o n
y i e l d s  r  * v a l u e s  a p p r o a c h in g  i n f i n i t y  as or — 0 f o r  T <  3 - 0 ° K .
T h is  i s  an o b v io u s  o v e r c o r r e c t i o n  and r e s u l t s  in an a r t i f i c i a l
s u p p r e s s io n  o f  the  d i p .  In  s p i t e  o f  t h i s  o v e r c o r r e c 1 1 on
however ,  the  d i p  in  the  r c 1 c u r v e  s t i l l  remains  a t  1°K. in
T a b le  I I I  the v a l u e s  f o r  r  1 a r e  g iv e n  f o r  the  two c a s e s .  Thec 3
adopted values are  l i s t e d  In the f i r s t  column and the over*  














TABLE I I I -  r  r a t i o  o f  s lopes c o r r e c t e d  f o r  X 
c 9
4 . 1 ° K  3 *  0°K 2 ‘0°K 1 . 6 ° K
X X X X X X X  X
9 9 9 9 9  9 9  9
2.1 X l O * 2  9 X l O * 2 1.4 X 10*2 4.7  X 10"2 0-72 X 10"2  2.1 X to"2 0.46 X 10"2 1.3 X 10-2
0 0 1.67 CD 1 2 - 5 CD 10.0
0.294 0.60 3 - 1 5 8 - 5 5 4 . 4 9 6 . 1 4 2.50 2.85
0.786 1-25 3.86 5 * 5 5 3 - 4 1 3 - 7 1 2-76 2.88
1.22 1.72 4 . 4 6 5.47 3 * 5 7 3 * 7 5 2- 76 2.83
I .67 2 . 1 8 4.72 5.36 3 . 8 4 3 * 9 7 2 - 9 4 2 . 9 9
2 . 5 1 3.00 5.56 6.02 3.87 3 * 9 4 3 . O 5 3 - 0 8
3.16 3 - 6 3 5 - 7 3 6.05 4 . 0 8 4 - 1 3 3.26 3 * 2 9
3 - 7 5 4 . 1 8 5 . 7 4 5.96 4 . 2 1 4 - 2 5 3 - 3 2 3.34
4 . 2 8 4 . 6 8 6.15 6.33 4 . 3 0 4 * 3 3 3 * 4 6 3 * 4 7
< * • 7 5 5 - 1 2 6.74 6.91 4 . 4 0 4.43 3 * 5 3 3 . 5 4
5-01 5 - 3 5 7.06 7 * 2 0 4 . 5O 4.52 3.67 3.68















The d i s c u s s i o n  o f  the  r e s u l t s  w i l l  be d i v i d e d  i n t o  two b a s i c  
t o p i c s .  P a r t  A w l 11 i n c lu d e  a d i s c u s s i o n  o f  the p r e c i s i o n  o f  the  
e x p e r i m e n t a l  measurem ents ,  the  de g re e  o f  e r r o r  in t r o d u c e d  by some 
o f  the a p p r o x i m a t i o n s  and an a p p r a i s a l  o f  the  p r e c i s i o n  o f  the  
d e r i v e d  q u a n t i t i e s -  In  P a r t  B the v a l i d i t y  o f  some o f  the  
hypotheses  used in  the  t h e o r y  wt 11 be d is c u s s e d  and an a t t e m p t  
is  made t o  i n t e r p r e t  the  r e s u l t s  in  terms o f  e l e c t r o n  phonon 
s c a t t e r i n g .  The m e a n in g f u ln e s s  o f  th ese  i n t e r p r e t a t i o n s  a r e  
d is c u s s e d  in  r e l a t i o n  t o  the p r e c i s i o n  and t o  the  c o m p l e x i t y  
o f  the  F . $ .  to p o lo g y  and the  phonon d i s t r i b u t i o n .
A b r i e f  d i s c u s s i o n  o f  the  p o s s i b i l i t y  o f  e x t e n d i n g  t h i s  
s tu d y  t o  o t h e r  m e t a ls  w i t h  open o r b i t  e l e c t r o n s  f o l l o w s  P a r t  8 .
A. P r e c i s i o n  o f  the Measurement  and o f  the  
Q u a n t i t i e s  D e r iv e d  f rom  those Measurements
1- P r e c i s i o n  o f  the  " r a w " d a t a . Readings o f  c e r t a i n  p a r a m e te r s  
n e c e s s a r y  in  the  g a t h e r i n g  o r  c a l c u l a t i o n  o f  the e x p e r i m e n t a l  d a t a  
were made w i t h  s u f f i c i e n t  p r e c i s i o n  as t o  w a r r a n t  no cause f o r  
c o n c e rn .  These a r e  the  m a g n i tu d e  o f  the  m a g n e t ic  f i e l d ,  H, the  
t e m p e r a t u r e  o f  the  c r y s t a l ,  T,  the  d im en s ions  o f  th e  sam ple ,  the  
e l e c t r i c  c u r r e n t  th ro u g h  the  s a m p le ,  and th e  th e rm a l  c u r r e n t  
d e n s ity . O th e r  parameters may be subject to  t r i v i a l  e r r o r s ,  i . e . ,
59
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e r r o r s  w h ich  do not l i m i t  the  v a l i d i t y  o f  the  e x p e r i m e n t .  Such 
p a r a m e te r s  a r e ,  f o r  e xam p le ,  the  d i s t a n c e  between the  e l e c t r i c  
c o n t a c t  p o i n t s  a n d / o r  the  t h e r m a l  c o n t a c t  p o i n t s .  E r r o r s  In  the  
d e t e r m i n a t i o n  o f  th e s e  d i s t a n c e s  do not a f f e c t  the  c o m p a r a t i v e  
s tu d y  o f  the d i f f e r e n t  e f f e c t s .
The main prob lem  in  the  raw d a ta  p r e c i s i o n  is  in  the p o t e n t i c r -  
m e t r i c  v o l t a g e  measurements  and in  the d e t e r m i n a t i o n  o f  the  tem pe ra ­
t u r e  g r a d i e n t s .  The n o is e  l e v e l  l i m i t s  the  a b s o l u t e  p r e c i s i o n  o f
- 9any  v o l t a g e  measurement  t o  a p p r o x i m a t e l y  5  X 10 v o l t s .  T h is
e r r o r  is  in d e p e n d e n t  o f  a ,  T,  and H. T h e r e f o r e ,  in  the  d e t e r m i n a t i o n
t 2o f  the s l o p e ,  S, o f  vs H one may e x p e c t ,  on the  a v e r a g e ,  th e
same a b s o l u t e  e r r o r  in d ep en d e n t  o f  o and T. The r e l a t i v e  e r r o r s
I j ^
AS/S would  t h e r e f o r e  depend on the  m a g n i tu d e  o f  S and become 
v e r y  l a r g e  as or approaches  z e r o  s in c e  s ’ approaches  z e r o  a l s o .  The 
same may be s a i d  o f  th e  d e t e r m i n a t i o n  o f  L and l a r g e  r e l a t i v e
e r r o r s  A L /L  ap p ea r  n e a r  a  = 0 .
The c a l c u l a t e d  r a t i o  S/ L1 wi 11 thus be known w i t h  v e r y  poor  
a b s o l u t e  p r e c i s i o n  as cr — 0 , i . e . ,  f o r  o r i e n t a t i o n s  where  one 
would  w is h  t o  have b e t t e r  p r e c i s i o n .
2 .  E r r o r s  due t o  d e p a r t u r e  f rom  i d e a l  e x p e r i m e n t a l  c o n d i t i o n s . 
These e r r o r s  a r e  due b a s i c a l l y  t o  m i s o r i e n t a t i o n  and may be 
c l a s s i f i e d  as f o l l o w s :
a )  The c o o r d i n a t e  systems 1 , 2 , 3  and l l , 2 ' , 3 '  a r e  not  
I d e n t  i c a l -
b) The coord inate  axes, 1, 1 ' ,  x , and u are  not Id e n t ic a l
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and the d e f i n i t i o n s  o f  the  c u r r e n t s  J and W must be s p e c i f i e d  in  
each o f  the  d i f f e r e n t  systems.
c )  The axes 3 '  a n d / o r  z a r e  n o t  h o r i z o n t a l ,  r e s u l t i n g  in a
n o n - v a n i s h i n g  s l i c e  t h i c k n e s s  f o r  or = 0 and in  a dependence o f
. 2 2S in  0 on or r a t h e r  th a n  s i n  0 = 1-
d)  The axes 3 a n d / o r  z a r e  n o t  h o r i z o n t a l ,  r e s u l t i n g  in  a
c u r r e n t  component T h is  e f f e c t  is f o r t u n a t e l y  not  c r i t i c a l  and
is  m e n t io n e d  in  A ppendix  A-
e )  The r o t a t i o n  o f  the  magnet does no t  y i e l d  i d e n t i c a l
d i r e c t i o n s  f o r  + H and -  H, i . e . ,  z (o  + 1 8 0 ° )  /  z (o ' ) . The most
o
i m p o r t a n t  e r r o r s  in  t h i s  c as e  a r e  t h a t  0 ( 0 + 180° )  does no t
o
c o r r e s p o n d  t o  0  (0 ) and t h a t  the  a n g l e s  0 (or + 180° )  and 0 (o )  a l s o
0 2d i f f e r  l e a d i n g  t o  unmatched v a lu e s  f o r  o s i n  0 .
f )  The same p r e d ic a m e n t  e x i s t s  i f  the  d i f f e r e n t  s e t s  o f  
c o o r d i n a t e s  have s h i f t e d  f rom one e x p e r i m e n t  t o  the  n e x t ,  i . e . ,  
f o r  d i f f e r e n t  te m p e r a t u r e s  o r  be tw een c o r r e s p o n d i n g  y and p 
m e as u re m en ts .
Most o f  the  e r r o r s  l i s t e d  under  p a r t  2  a f f e c t  th e  v a l i d i t y
o f  the  e q u a t i o n s  w h ich  g i v e  r*  and r " .
3- V a l i d i t y  o f  the  e q u a t i o n  w i t h  r e g a r d s  t o  the  a p p r o x i m a t i o n s  
~y * c - o
made. The f o r m u la  a  = a  + 0  may be f i r s t  c o n s i d e r e d  v a l i d  w i t h  
the  f o l l o w i n g  a p p r o x i m a t i o n s  made t o  o b t a i n  Eq. A -1 3 *
a )  I f  u Is cons idered  f i x e d  r e l a t i v e  to  the a sy m p to t ic  
c o n d i t io n s  (see Appendix A ) ,  then the v a l u e
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in  the  f i x e d  c o o r d i n a t e  sys te m ,  ( u , v ) ,  is  t o  be m o d i f i e d  in  
the form
/  ( T *  - A H ' 1 \
= {  A H ' 1 O H 1 )
A ppendix  B shows t h a t  t h i s  does not le a d  t o  a m o d i f i c a t i o n  in  
the  form o f  Eq. A - 13- I t  d oe s ,  however ,  lea d  to  a r e - e v a l u a t i o n  
o f  the c o e f f i c i e n t s  A and B as shown in  Appendix  C and p o s s i b l y
t o  the  a c c i d e n t a l  i n t r o d u c t i o n  o f  a s m a l l  f i e l d  dependent  term
o
in  the cr c o e f f i c i e n t .
b)  The use o f  H in  the h ig h  f i e l d  l i m i t  s h o u ld ,  in  the
2 2f i r s t  a p p r o x i m a t i o n  be r e p l a c e d  by H + H where H = cm / e r
s s s s
does no t  change th e  e x p e c t e d  s lo p e  b u t  does a f f e c t  the  i n t e r c e p t .
*
c )  The I s o t r o p i c  fo rm  o f  a  is  v a l i d  f o r  v e r y  s m a l l  a  b u t
A
i n e x a c t  f o r  th e  l a r g e r  a n g l e s .  In  the ( u * v )  system  oC may be 
r e a p p r o x i m a t e d  by
(  <Tuu (r+Z \
< r C  "  G lr ' i r  )
c cw i t h  o ^ u /  o  , i . e . ,  by a new i s o t r o p i c  t e n s o r  p lu s  the  t e n s o r
(  CXtu. " G \ r \ r  O
\  o o
- o
o f  th e  same a p p r o x i m a t e  fo rm  as a  . One o f  th e  e f f e c t s  o f  t h i s
A
would  be th e  a p p a r e n t  i n t r o d u c t i o n  in  f f °  o f  s m a l l  f i e l d  dependent
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-  2  P
(H ) terms (as in  case 3 * a ) .  The e x t r a p o l a t i o n  t o  H = 0 o f  the
2
p vs H c u rv e s  depend on the t i l t  a n g l e  and may be in  p a r t  
caused by t h i s  e f f e c t -
d)  The s u c c e s s iv e  s i m p l i f i c a t i o n  o f  the d e n o m in a to r  from
Eq- A ~10 to  A - 11 and p r i m a r i l y  from Eq- A - 11 t o  Eq. A -1 3  depends
, . o 2
on the c o n d i t i o n  Ac «  B - An a p o s t e r i o r i  e v a l u a t i o n  o f  t h i s  
q u a n t i t y  j u s t i f i e s  t h i s  a p p r o x i m a t i o n .  The l a r g e s t  e r r o r  should
o ccur  a t  1°K f o r  p a t  the maximum t i l t  a n g l e -  An upper  l i m i t
o 2
under  th e s e  c o n d i t i o n s  f o r  Act /B  is  «  . 2
e )  In  the  t h e r m a l  case the  same problems r a i s e d  in  3 ~ a , b Jc
and d w i l l  occur  w i t h  an a d d i t i o n a l  p rob lem  due t o  the  l a t t i c e
c o n d u c t i o n .  The i n c id e n c e  o f  X is  t w o - f o l d ,  cominq f i r s t  o f  a l l
9 y
in  the d e n o m in a to r  o f  Eq. A -1 5 j where  i n s t e a d  o f  the  c o n d i t i o n
( 3 “ d )  o f  a  A «  B^ one would  l i k e  (X + 2X )A '  + X (X + X )
o 9 9 9 0
2 2  
«  B 1 The r e l a t i v e l y  good l i n e a r i t y  o f  vs H seems to
2  ?i n d i c a t e  t h a t  a t  l e a s t  the  te rm X (X +■ X )H «  B . An upperg g 0 r r
p » o
l i m i t  under  the  w o r s t  c o n d i t i o n s  would  be X (X + X „ )H  B 1 «=> 8$
9 9 0
f o r  the  l a r g e s t  t i l t  a n g l e .  The second i n c id e n c e  o f  X^ is  in
th e  n u m e ra to r  o f  Eq A - 15- The i m p l i c a t i o n s  o f  t h i s  a r e  d i s c u s s e d
i n  the  c h a p t e r  on e x p e r i m e n t a l  r e s u l t s .
f )  The d e t e r m i n a t i o n  o f  B and B' depend on the  same
o o
a p p r o x i m a t i o n s  made t o  d e t e r m in e  o and X i n  p a ra g ra p h s  3 ~b>c *
2
and d- For s i n  9 = 1 ,  one has a p p r o x i m a t e l y
B"H * V<rt l ^ ( | ♦ <r„ )
63
and
^  f J ) ( I + (T,i
o
i - e . ,  a . „ / o  = p /p w h ic h  is  s i m i l a r  t o  the  l a s t  e q u a t i o n  In' 12 yx xx  ^
A - 1 2  w i t h  the A /B te rm n e g l e c t e d .
B- V a l i d i t y  o f  the  Hypotheses
~T * °  *cThe a p p r o x i m a t i o n s  made on the  form a - ct + a can a lw a y s  be
* °  ~c
c o n s i d e r e d  e x a c t  when the p r o p e r  a s s ig n m e n t  o f  a and a is  made.  
Th is  is  not d i f f i c u l t  when one c o n s i d e r s  t h a t  the c o n d u c t i v i t i e s
a r e  in d e p e n d e n t  o f  each  o t h e r .  C o m p l i c a t i o n s  a r i s e  when one
c o n s i d e r s  the case o f  p o s s i b l e  "b an d "  t o  "band"  i n t e r a c t i o n s  between  
open o r b i t  "band"  and c lo s e d  o r b i t  " b a n d s . "  In  the p r e s e n t  
s i t u a t i o n  one a s p e c t  o f  t h i s  p ro b le m  was c o n s i d e r e d  when the  
s c a t t e r i n g  o f  open o r b i t  e l e c t r o n s  t o  th e  c lo s e d  o r b i t  band was 
ta k e n  i n t o  a cc o u n t  under  the  s i m p l i f y i n g  h y p o t h e s is  t h a t  the
s c a t t e r e d  e l e c t r o n s  were  s im p l y  e l i m i n a t e d  f rom  any  c o n t r i b u t i o n  t o
the  c o n d u c t i o n .  T h i s  i s ,  in  a sense ,  an  e x t e n s i o n  o f  th e  concept
A
o f  in d ep en d en t  c o n t r i b u t i o n  s i n c e  the  e f f e c t  on o o f  the  s c a t t e r e d  
open o r b i t  e l e c t r o n s  was s im p l y  n e g l e c t e d .  The r e v e r s e  i n t e r a c t i o n  
was a l s o  s i m p l i f i e d  by the  h y p o t h e s is  t h a t  e l e c t r o n s  were  " c r e a t e d "  
u n i f o r m l y  from th e  s c a t t e r i n g  from th e  c lo s e d  o r b i t  band i n t o  the
open o r b i t  r e g i o n  w h ich  i s ,  in  a way, an e x t e n s i o n  o f  the
In d e p e n d e n t  c o n t r i b u t i o n  c o n c e p t .
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A n o th er  n e g l e c t e d  prob lem  r e l a t e s  t o  one a s p e c t  o f  phonon 
d r a g .  Bes ide s  the  f a c t  t h a t  d rag  a f f e c t s  each e l e c t r o n  band 
i n d e p e n d e n t l y ,  t o  the  f i r s t  o r d e r ,  the  m utua l  d ra g  im p l i e s  t h a t  
the  phonon system is  d ragged  by the  combined e f f e c t  o f  b o th  
bands. T h e r e f o r e ,  the  e f f e c t  o f  t h i s  compound phonon dra g  on 
e i t h e r  o f  the  e l e c t r o n  bands w i l l  be a f f e c t e d  by the o t h e r .
Qua 1 i t a t i v e l y  s p e a k i n g ,  one open o r b i t  e l e c t r o n  would  d i s p l a c e  
the  phonon system by a l a r g e r  amount than one c lo s e d  o r b i t  e l e c t r o n  
would- H tw e v er ,  s in c e  t h e r e  a r e  a s m a l l e r  number o f  open o r b i t  
e l e c t r o n s ,  the  d rag  is h e a v i l y  c o n t r o l l e d  by the  c lo s e d  o r b i t  
e l e c t r o n s .  In  o t h e r  words ,  the  phonons dragged by the  open o r b i t  
e l e c t r o n s  r e l a x  m a i n l y  on the  o t h e r  e l e c t r o n s  so t h a t  the phonon 
system appea rs ,  t o  th e  open o r b i t  e l e c t r o n ,  t o  be a lm o s t  in  the  
e q u i l i b r i u m  s t a t e -
The q u a l i t a t i v e  argument  g i v e n  above seems t o  m i n i m iz e  t h i s  
a s p e c t  o f  the  d ra g  on the  open o r b i t .  T h is  is  f u r t h e r  j u s t i f i e d  
by o t h e r  a rguments  as no ted  in  Appendix  0.
A r i g o r o u s  s tu d y  o f  the  s c a t t e r i n g  is o u t  o f  t h e  q u e s t i o n  in  
such a complex  c a s e ,  and the  t e s t  o f  the  d i f f e r e n t  h ypotheses  and 
s u g g e s te d  mechanisms a r e  made th ro u g h  the u s u a l  p h e n o m e n o lo g ic a l  
t im e  o f  r e l a x a t i o n  s i m p l i f y i n g  c o n c e p ts .  Even in  the  use o f  such  
s i m p l i f y i n g  q u a n t i t i e s ,  t h e r e  is room t o  a rg u e  the  way those  
q u a n t i t i e s  r e l a t e  t o  the d i f f e r e n t  s c a t t e r i n g s  and s p e c i a l  mechanisms.
The most s i m p l i f i e d  forms o f  s c a t t e r i n g ,  in t r o d u c e d  I n  P a r t  D 
o f  C h a p te r  I I ,  were  s u f f i c i e n t  t o  d e m o n s t ra t e  the  P ip p e r d  mechanism,  
b u t  i t  remains  t o  be seen t o  w hat  e x t e n t  f u r t h e r  a n a l y s i s  c o u l d  be
6^
p e r fo r m e d  on the e x i s t i n g  d a t a .  For e x a m p le ,  one m ig h t  a t t e m p t  to  
s e p a r a t e  the  phonon and i m p u r i t y  s c a t t e r i n g  and see how w e l l  the  
t e m p e r a t u r e  and a n g u l a r  dependence f i t s  the  e x p e c t e d  r e s u l t s -
I f  one assumes a d d i t i v i t y  o f  th e  s c a t t e r i n g  f r e q u e n c y ,  then  
one has
* CO im p  +
and ( 9 )
CO c — 6 0  (tBp + La )p
e f  f  c
where and a r e  the  s c a t t e r i n g  f r e q u e n c y  by phonons in  the
e l e c t r i c a l  and th e rm a l  c a s e ,  r e s p e c t i v e l y ,  and ' s the i m p u r i t y
s c a t t e r i n g  f r e q u e n c y .  I f  one assumes the  open o r b i t  s l i c e  t h i c k n e s s
t o  be l a r g e  compared t o  the phonon momentum, i . e . ,  Ak^ >  q ,  th e n
the  s c a t t e r i n g  d i s p l a c e s  ■'■he e l e c t r o n s  on the  F .S .  th ro u g h  s m a l l ,
random s t e p s .  Thus ,  d i f f u s i o n  t h e o r y  may be a p p l i e d  w h ich  r e s u l t s
in  ui -w bT^ and ui ~  b ' T ^ .  S in c e  ui. w i l l  be c o n s t a n t  then  p p Imp
one g e ts
Wetf « ' / r ’ « ^s' = a * bTf 
0 0  -x  uT/v  =  'A l'-l,'.) -- a. + \$TZ
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The v a l u e s  o f  S'  ̂ and {L* -  L ^ 1)  ̂ a r e  shown in  F igs -  22a  
and 22b in  a l o g - l o g  p l o t  f o r  d i f f e r e n t  o r i e n t a t i o n s -  For low T 
each cu rv e  s h o u ld  s a t u r a t e  t o  a v a l u e  a i n d i c a t e d  by a r ro w s  on 
the l e f t  s id e  o f  the  S' * c u r v e s -  As T i n c r e e a s e s ,  the s lo p e  o f
■ t -1the c u rv e s  s h o u ld  tend tow ard  5 f o r  the S'  ̂ and 3 f o r  the  (L '  -  Lq 1)
c urves  when the s c a t t e r i n g  c o r re s p o n d s  t o  the b u l k  case-  Q u a l i t a t i v e
agreem ent  is  seen e x c e p t  f o r  s m a l l  a n g le s  in  the  ( L 1 -  ' )  *
c u r v e s .  One m i g h t ,  a t  f i r s t  th o u g h t ,  a t t r i b u t e  t h i s  d e s c re p a n c y
to  a poor c o r r e c t i o n  o f  X , b u t  c a l c u l a t i o n s  I n d i c a t e  t h a t  no
s e l f - c o n s i s t e n t  a d j u s t m e n t  in  X w i l l  c o r r e c t  f o r  t h i s -  Some
9
source  o f  e r r o r  o t h e r  th a n  X must be the  cause o f  i t -  E m p i r i c a l
9
c o r r e c t i o n  can be made by e x t r a p o l a t i o n  u s in g  o t h e r  t e m p e r a t u r e  
d a ta  p o i n t s  and an a d j u s t e d  t e m p e r a t u r e  power law as s c h e m a t iz e d  
in  F ig .  2 3 b -
The phonon p a r t  o f  th e  s c a t t e r i n g  is  shown in  F ig s -  23a and b
where S ' * = (S'  * -  a )  and L ' * = { ( L '  -  L ' )  * -  a j a r e  p l o t t e d  
P P 0
v ers u s  T on a l o g - l o g  s c a l e .  From Eq- 9 ,  those  q u a n t i t i e s  s hou ld
e f  fbe r e s p e c t i v e l y  p r o p o r t i o n a l  t o  tu and u> , the  r e l a x a t i o n
P P
f r e q u e n c y  o f  e l e c t r o n s  on the  phonon system in  the  e l e c t r i c a l  and
t h e r m a l  c a s e ,  r e s p e c t i v e l y -  For most o f  th e  o r i e n t a t i o n s ,  the
L ’ c u rv e s  f o l l o w  a p p r o x i m a t e l y  a power law b ' ( o ) T  w i t h
P
3 (o) — 2 -U5 p r a c t i c a l l y  in d e p e n d e n t  o f  0 . T h is  is  s m a l l e r  than
the e x p e c t e d  T^ law b u t  the  independence w i t h  a  a g r e e s  w i t h  the
i d e n t i f i c a t i o n  o f  (i> wi t h  <u , the  c o l l i s i o n  f r e q u e n c y  In  thec
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phonon s c a t t e r i n g  c o n t r i b u t i o n  t o  ct w i t h  a T expon ent  py *+ f o r  t a rg e  
cr and ** .8  f o r  s m a l l  cr. T h i s  r e s u l t  is in  a p p a r e n t  c o n t  r i d i c 1 1 on 
w i t h  the idea  o f  a more e f f i c i e n t  s c a t t e r i n g  (T ) f o r  s ma l l  a.
The i m p u r i t y  c o e f f i c i e n t ,  a ,  depends on a .  The i n v e r s e  o f  
t h i s  q u a n t i t y ,  a * (cr ) . r e f e r r e d  t o  as S ' .  s hou l d  g i v e  anr * '  '> , mp =
o
i n d i c a t i o n  o f  the v a r i a t i o n  o f  o (cr) i f  i m p u r i t i e s  were  the o n l y
s c a t t e r e r s .  As seen In  F i g .  2*+, S ' .  does not  d e cr e a se  l i n e a r l y3 i mp
w i t h  o ,  an i n d i c a t i o n  t h a t  the i m p u r i t y  s c a t t e r i n g  may be more
e f f i c i e n t  f o r  s m a l l e r  cr, or  t h a t  due t o  m i s a l i g n m e n t  one must
°  2  °  c o n s i d e r  the term a s i n  0 in w h i c h  a tends toward  a f i n i t e
2  2  v a l u e  and s i n  0 t ends t o  z e r o  as cr .
F i g u r e s  25 and 26  i l l u s t r a t e  t h e  e f f i c i e n c y  o f  the  phonon
s c a t t e r i n g  i n  t h e  open o r b i t  s l i c e  as a f u n c t i o n  o f  t h e  a n g l e  a
The d a t a  shown i n  F i g .  23  have been used and the  r a t i o
r = L ' ^ /S 1  ̂ r e p r e s e n t ,  i n  p r i n c i p l e ,  the  number o f  c o l l i s i o n sp p p
by phonons o n l y ,  needed t o  s c a t t e r  an open o r b i t  e l e c t r o n  i n t o  
an a d j a c e n t  band.  Ag a i n  r ^  d e cr ea se s  as the  open o r b i t  s l i c e  
t h i c k n e s s  d e c r e a s e s ,  b u t  does not  tend t oward  u n i t y  as e x p e c t e d .
T h i s  may be due t o  m i s a l i g n m e n t  wh i ch  would p r e v e n t  the  s l i c e
t h i c k n e s s  g o i ng  t o  z e r o ,  b u t  may a l s o  be due t o  the n o n - a d d i t i v i t y
, , e f f  , e f f  \
o f  s c a t t e r i n g  f r e q u e n c i e s  (u> A u> + o>, )■3 p i mp
Any s u c c e s s i o n  o f  c o l l i s i o n s  by phonons w h i c h  t e r m i n a t e  by an






























not appear  to c o n t r i b u t e  to the u> term.  T h e r e f o r e ,  theseP
" h i dden11 phonon c o l l i s i o n s  when there  are  i m p u r i t i e s  would
c o n t r i b u t e  t o  i f  the i m p u r i t i e s  were e l i m i n a t e d .  In a pure
sample,  u: would be s m al l e r  than in an impure sample and curve 25 
P
represent s  an upper l i m i t  o f  r^ w i t h o u t  i m p u r i t i e s -  One has
e f t
t> J  e  P P “  L a ) p +■ (-*■) i i»ip
l a J ^  ~  La ) p  *■ tA ) p + 1>J i ^
Cwhere i n  is the hidden c o l l i s i o n  f requency  in the e l e c t r i c  process.  
I f  the i m p u r i t i e s  were e l i m i n a t e d ,  then
e f f  ^
LaJ e f- P — * tA) p + A  t>Jp
— *  |>J p *• A  pC
In the f  i r s t  case
and In the second case
u j p  t- A  p
7h
The data  in Fig.  25 are  a l s o  shown in Fig.  26 , but  the  
i nver se  of  is g iven as a f u n c t i o n  of  T f o r  d i f f e r e n t  ang les  cr. 
S i g n i f i c a n t l y ,  r^ * is the apparent  Lorenz r a t i o  in the i de a l
phonon s c a t t e r i n g ,  i . e . ,  r^ *  ̂ a PPr o x ‘ mate va l ue  f o r
2 2  '' t h i s  r a t i o  is g iven by L/L^ ~  (n / 3 ) ( T / 0“ ) where 0 is the
e f f e c t i v e  Debye temperature  f or  e l e c t r o n  s c a t t e r i n g  which is
dependent  upon the s i z e  of  the F . S - ,  i . e . ,  on the t h ickness  of  the
s l i c e .  One may w r i t e  0 ^  f ic^(pAk^) where c is the v e l o c i t y
\'c — 1 / 2
of  sound. The va lues  of  0 i *T(r / j j )  are  shown in Fig.  27 
as a f u n c t i o n  of  » f o r  d i f f e r e n t  t empera tures .  Since 0 is of  the  
order  o f  T, the formula f o r  0 is on l y  approximate  and i t  is not  
s u r p r i s i n g  to  f i n d  6 dependent  on the temperature  and not  
decreas i ng  as f a s t  w i t h  o as expected-  A l so ,  the same reasons  
which prevent  the decrease o f  r^ as a f u n c t i o n  of  a  in Fig.  25 
would pr eve nt  the decrease of  0 .
Another  po i n t  in the d i s cus s i on  r e l a t e s  to  the c om pl e x i t y  
of  the open o r b i t  s l i c e  i t s e l f .  The p r o j e c t i o n  ske tch  in Fig.  A 
shows tha t  the c o n ta c t  between open o r b i t  bands and c l osed  o r b i t  
bands is not a long  a s i n g l e  l i n e  but  a long s e v e r a l ,  and the shapes 
of  those l i n e s  are  not s imple .  Thus,  g e n e r a l i t i e s  i n v o l v i n g  
s i m p l i f i e d  open o r b i t s  as shown in F i g .  28 in Appendix 8 may not  
hold ■
The z component o f  the e l e c t r o n  v e l o c i t y ,  V^, was neg lec ted
a l t o g e t h e r  as was t h e  r e l a t i v e  v a l u e s  between V and V . A l ongx , y z


















as 8 saddle  p o i n t s .  An e l e c t r o n  a r r i v i n g  a t  a saddle  p o i n t  
reaches a z e r o  v e l o c i t y  in the x**y p l a n e ,  which t e r m i n a t e s  the 
p a t h  o f  the e l e c t r o n  and a c t s  as would a s c a t t e r i n g  i n t o  a c l osed  o r b i t  
r e g i o n .  The f a c t  t h a t  those saddle  p o i n t s  a r e  a d j a c e n t  to the 
c l o s e d  o r b i t  r e g i o n  may make t h e i r  e f f e c t  i n s e p a r a b l e  from the  
mechanism s t u d i e d .  L o c a l i z a t i o n  o f  the s c a t t e r i n g  has,  n e v e r t h e l e s s ,  
a l a r ge  i mpor tance on the p o s i t i o n  o f  the o r b i t  t e r m i n a l  p o i n t  and 
the open o r b i t  c o n t r i b u t i o n  t o  the H a l l  e f f e c t -
C. A p p l i c a t i o n s  t o  Other  M e ta l s
In s p i t e  of  a l l  the d i f f i c u l t i e s  encount ered  in t h i s  s t udy ,  
t h i s  method o f  o bs e r v i n g  smal l  a ng l e  s c a t t e r i n g  should be,  in 
p r i n c i p l e ,  a p p l i c a b l e  t o  s e v e r a l  m et a ls -  The p r i m a r y  r e qu i r em ent s  
f o r  a rrve ta 1 to be s u i t a b l e  f o r  t h i s  t echn i que  a r e  f i r s t ,  t h a t  open 
o r b i t s  e x i s t  on the F-S-  o f  the m e t a l ,  and second,  t h a t  the w i d t h  
o f  the open o r b i t  s l i c e  be dependent  on the t i l t  ang le  o f  the
magne t i c  f i e l d .  These c r i t e r i a  a r e  met in most me t a l s -  Open
2
o r b i t s  a r e  u s u a l l y  i n d i c a t e d  by an H dependence o f  the magneto-  
r e s i s t a n c e .  The s t e r e o g r a p h i c  p r o j e c t i o n s  o f  many m e t a l s ,  
i n c l u d i n g  t h a l l i u m ,  Cu, Sn, Nb, Ag, and Au show two d i mens i ona l  
r eg i ons  sur ro un d in g  axes of  3 j *+? or  6 - f o l d  symmetry such t h a t  
when the magne t i c  f i e l d  d i r e c t i o n  l i e s  w i t h i n  one o f  these r e g i o n s ,  
then open o r b i t s  e x i s t .  Since these a r e  two d i mens i ona l  reg ions  
the problem o f  a l i g n i n g  the magnet i c  f i e l d  so as t o  observe the  
smal l  a n g l e  s c a t t e r i n g  e f f e c t  is not  so v e r y  d i f f i c u l t .  Since the
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t i l t  angles are  smal l  and because of  the high symmetry 3- f o l d )
c
the c o n d u c t i v i t y  tensor  o can s t i l l  be w r i t t e n  as a 2 X 2 m a t r i x  
and the technique descr ibed  e a r l i e r  can be a p p l i e d .  I f  the regions  
surround a p o i n t  o f  low symmetry ( 2 - f o l d ) ,  e . g .  , Pb and Hg 
then the a n a l y s i s  must be mo d i f i e d .
The stereograms of  many meta ls  show t h a t  the high symmetry 
d i r e c t i o n s  are  not surrounded by regions of  open o r b i t  f i e l d  
d i r e c t i o n s ,  but a re  however,  loca t ed  a t  the i n t e r s e c t i o n s  of  l i ne s  
which i n d i c a t e  f i e l d  d i r e c t i o n s  for  which open o r b i t s  e x i s t -  In 
these cases,  the method descr ibed  e a r l i e r  should hold ,  but  the 
e x p e r i me nt a l  requi rements  a re  more s t r i n g e n t .  Here the f i e l d  
must be r o t a t e d  so that  i t s  d i r e c t i o n  corresponds to  a l i n e  on the 
stereogram.  This may be r a t h e r  d i f f i c u l t  to  ach ieve  e x p e r i m e n t a l l y .
The temperature  range in which the e f f e c t  is observab l e  should  
v ar y ,  depending on the Debye t emperature  o f  the met a l .  For example,  
in Cu, Sn, Nb, and Au the u s e f u l  tempera ture  range is between 1+ and 
12°K.  In t h i s  temperature  range the l a t t i c e  c o n d u c t i v i t y  w i l l  be 
s i g n i f i c a n t  and must be accounted f o r .
The p r e l i m i n a r y  r e s u l t s  ob t a i ned  on Sn in the range 1-3 to  
*+.2°K show t h a t  the s c a t t e r i n g  is dominated a l r e a d y  by i m p u r i t i e s  
and,  as suggested above,  t h a t  h igher  temperatures should be used 
should the smal l  ang le  s c a t t e r i n g  mechanism be demonstrated  
in t h i s  met a1■
APPENDIX A
Consider  a two d imensional  c oo r d i n a t e  system whose basis  
v e c t o r s ,  u and v,  are chosen such tha t  u is c o i n c i d e n t  w i t h  the 
v e c t o r  J which r epr es en t s  the magni tude and d i r e c t i o n  of  the open
o r b i t  e l e c t r i c a l  c u r r e n t  in r e a l  space.  Then one may w r i t e  the
_ - o _ ~ o
tensor  e q u a t i o n ,  J = o E , where a is the open o r b i t
U , V  U ,  V U , V
c o n d u c t i v i t y  t ensor ,  E is the v e c to r  r e p r e s e n t i n g  the a p p l i e d  
e l e c t r i c  f i e l d  and the s ub s cr ip t s  i d e n t i f y  the coo rd ina te  system.
In the high f i e l d  l i m i t  the c o n d u c t i v i t y  tensor  may be w r i t t e n
o
~o o 0
in m a t r i x  form as o {„ „ )  so tha t  the tensor  equat i onDu,v  0 0
becomes: ( )  = ( °  o ^ E ^ *
v — v _  —
I f  J and E a re  to  be expressed in a bas is  x and y as shown
in Fiq.  bb,  then one w r i t e s  J - 9 J and E = 9 E where J u, v xy u, v x,  y
0 = ( C?5 „ Sin w i t h  0 the anq le  between the x a x i s  and the- s i n  0 cos 9
-  * °  -r e a l  space open o r b i t  d i r e c t i o n .  Since J = a E , thenuv uv uv
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In m a t r i x  f o rm t h i s  becomes:
3  A  _ I  C c S  6  - S G  \  /  ( T *  O j / C o b B  5 i n Q \  I  Iz 4 
3 ^  j C o  b 0  /  \  O  C o S 0 / \ £ \ ,
or
J < j _ /  C T ^ i m  b CcbO j / £  *
3 w  I  ( T ° s ^  e  c o s §  \
Dropping the s u b s c r i p t s ,  w i t h  the unders tanding tha t  the 
q u a n t i t i e s  are  measured in the x - y  c oo rd ina te  system,  the  
e l e c t r i c a l  open o r b i t  c u r r e n t  in the high f i e l d  l i m i t  may be 
expressed as:
J  < r "  E
w i t h
M
" o  _ f  c r - c o i l e  c r 0* ; *  f r c . * « A  ( A * ? )
<T e s ‘.« ^ CoS 6  ( T ^ i n l & J
I t  may be noted  t h a t  the  d i r e c t i o n  u as i n i t i a l l y  d e f i n e d  would  
depend on the  magni t ude  o f  the f i e l d  H, and t h e r e f o r e  w i t h  x , y  
f i x e d  would make the a n g l e  9 f i e l d  dependent .  L a t e r  on,  by  
s p e c i f y i n g  the h i gh  f i e l d  t e n s o r  l i m i t ,  we t a c i t l y  a d ap t e d  the  
c o o r d i n a t e  system u,  v f i x e d  r e l a t i v e  t o  the  h i g h  f i e l d  l i m i t
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open o r b i t  d i r e c t i o n -  N e g le c t i n g  any p o s s i b l e  f r e a k  s c a t t e r i n g ,  
t h i s  w i l l  make the v d i r e c t i o n  the i n t e r s e c t i o n  of  the basal  
plane ( l 1, 2 ' )  w i t h  the p l ane  p e r p e n d i c u l a r  to  the magnet ic  
f i e l d  d i rec t i on (z ) .
I t  is o f  some i n t e r e s t  to cons i de r  the consequences which  
would r e s u l t  i f  the c o n d u c t i v i t y  t ensor  as expressed in the u- v
basis  had con ta i ned  more than one non -zer o  m a t r i x  e lement -
o °  0
A c o n d u c t i v i t y  m a t r i x  o f  the form 0 n * '  i mpl ies  the
e x i s t e n c e  of  open o r b i t s  in two m u t u a l l y  p e r p e n d i c u l a r  d i r e c t i o n s ,  
v i z . ,  p a r a l l e l  t o  the u and v axes,  r e s p e c t i v e l y .  Thus
& \ f  (T° G \ f  ca1*
C u S & / \ 0  e C ° c' 6 j [  )
so t h a t
< r cc os16 * cr°V,nl 6 (cr«-
3~°S'
f t  o ^ y E , \  L j
o o
Th i s  e q u a t i o n  reduces  t o  Eq. A - 1 i f  a  »  a  The r e s i s t i v i t y  
becomes
^  ^ , 0 "  
c r " -
1 * 1
where  (a [  is i n v a r i a n t  under  a s i m i l a r i t y  t r a n s f o r m a t i o n  so t h a t
o
|CT 0 L 0 0
1q CT° . 1 = o o T h e r e f o r e ,
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, / (7 * v  * <Te'Cosl G fc-** ' -3")  sin Cos 6  \
^  - ^ ^ ■ o '  ( ( ( T * ' - 7 4JS'n 0 C t f S ^  + C T ^ S . n *  £  /
Thus the  open o r b i t  c o n t r i b u t i o n  to  the  p component  o f  the  
m a g n e t o r e s i s t a n c e  i s :
ft r  —  ^  ^rx< (j-°' cr
T h i s  e q u a t i o n  shows t h a t  p -* *“ for a l l  a n g l e s  e x c e p t  8 = 0 i f
o
o 1 ■= 0.
In the t h e r ma l  c o n d u c t i v i t y  p r o c e s s ,  the  c o n t r i b u t i o n  due t o
X °  0
the  open o r b i t  e l e c t r o n s  is ( q q ) in the u - v  b a s i s -  I f  the
l a t t i c e  c o n d u c t i v i t y  (^9 ^ ) is i n c l u d e d ,  t h e n
9
W i t  | ° \ I  Gu.
Wo/ I o V / V
o
T h i s  is a case s i m i l a r  t o  t he  p r e c e e d i n q  one where  X + X and X
9 9o o
r e p l a c e  a and a r e s p e c t i v e l y -  The r e s u l t  Is
V V s ' i * &  C o ^.6 V  ^  /  \
where  the 2 X 2  m a t r i x  i s  t h e  c o n t r i b u t i o n  t o  the  t h e r m a l  
c o n d u c t i v i t y  by the  open o r b i t  e l e c t r o n s  and the  l a t t i c e -  The 
i n v e r s e  o f  t h i s  m a t r i x  g i v e s  t h e i r  c o n t r i b u t i o n  t o  the  t h e r m a l
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m a gn e t o r e s i 5 t a n c e - The Yxx component is
—  c o i 1 &
This e qu at ion  and Eq. A-o are  of  l i m i t e d  va l ue  because even 
though the c o n t r i b u t i o n  of  the c losed o r b i t  c a r r i e r s  to the
e l e c t r i c a l  conduct ion is s ma l l ,  they w i l l  s t r o n g l y  i n f l u e n c e
o
the way p in Eq. A-6  tends toward i n f i n i t y  when o '  is zero-  
Good i s o t r o p i c  c o n d i t i o n s  f o r  the c losed o r b i t  c a r r i e r s  e x i s t  
when H is near a 3> or  6- f o l d  c r y s t a l  a x i s .  The r e s u l t i n g  
i s o t r o p i c  t ensor ,
A
(j c -  1 -  ' ' \  -  ( * J *.
is i n v a r i a n t  w i t h  r e s p e c t  t o  a change o f  c o o r d i n a t e s  as long as 
1 ' , 2 ' ;  x , y ;  u , v  d e f i n e  the  same p l a n e  or  n e a r l y  so.  In the u - v  
c o o r d i n a t e  system:
(. £, 5; I ’)
From here  on the  i n d i c e s  1 , 2  a r e  t o  be used i n s t e a d  o f  xy  or  uv 
t o  r e p r e s e n t  the  i s o t r o p i c  c o n t r i b u t i o n  o f  the  c l o s e d  o r b i t s  and 
t o  s i m p l i f y  the n o t a t i o n  the  index c is t o  be d r opped .  Thus,
O t .  “ ^ i m i  — 0 — Q
1 1  1 1 c  X X C  U U C
The Eq- A~7  e x p r e s s e s  the  e l e c t r i c a l  c o n d u c t i v i t y  i n  terms  
of  u n i d i r e c t i o n a l  open o r b i t  c a r r i e r s  and c l o s e d  o r b i t  c a r r i e r s .
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Trans fo r mat io n  to  the x - y  c o o r d i n a t e  system y i e l d s
CT°S i n d  Cos b '  5"u (7“ * S i 'n*' ^  J n
The thermal  c o n d u c t i v i t y ,  expressed in terms o f  the u-v  
c o o rd i n a t e  system,  is g i ven  by
\  -- I y  ° )  + ( h  ° )  + ( * “ >" 1
h “ v  I o  o  )  l . V l
and when t ransformed to  the x - y  system X becomes
vv^  / X Cos1  ̂ ♦'^II f ^  X°SkntJCt i i&+V(_
^  \ \ ° S * * n 0 C o s 6 - X i i  V ’ S»»nL0 +V i t ' ^
To get  the p and y m a t r i c e s ,  the inverses  of  the o and 
m a t r i ce s  must be taken.  The r e s u l t  f o r  p is
*  ( f  (Th  -  ( T ° S i h  O  C o S 6  -  ‘f i x  \  /  v
^ I ^ _ G'c$ i n  i) Co s, 6 + <r(1. i r cC u s xt* t T ii J ^
The y m a t r i x  has the same form w i t h  X ‘ s added to the
9
d i agona l  terms.  The denominators are
I r |  - ( <r„l * a-,,1) ♦ cr“ <r„
I S  1 ' ( \!i + X,,*) v ( )i j
8*+
Expressions f o r  the magneto- ,  H a l l ,  magnetotherma1, and 
Ri gh i -Leduc  r e s i s t i v i t y  c o e f f i c i e n t s  are g i ven ,  in t h a t  o r de r ,  
as f o l l o w s  :
- (  r V , „ l e  t r J i C ' C u r X ) ' 1
n v  -- ( - < r ’ s ; « 6  & • . »  + <rn.){<r,' * r.S > r ‘ r „ ) ' '  )
- ( Vsi*,1 s *\i,* * V . X j ]
Most of  the f i r s t  order  approx imat i ons  a t  high f i e l d s  can 
be discussed when the asymptot i c  l i m i t  o f  the d i f f e r e n t  terms
-2  -2
are  i n t r o d i x e d .  These l i m i t s  are:  a =~ AH , =" A'H ,
G 1 2  ^  ^  anc  ̂ ^12 ^  B‘ H I t  should be noted tha t  the
and express i ons  are  odd f u n c t i o n s  of  the f i e l d  w h i l e  cr^ and
X jj are  even f u n c t i o n s  of  H as are  the f i e l d  independent
o o
q u a n t i t i e s ,  a , X , and X ,
The asympto t ic  forms of  Eqs. A-9  become
n  g " ‘ V i« Lft 4- f t  H " 1 _  p - ‘  s ^ L 0  , A h " 1
V '  hJ ~ Al H"vr Q l H^ + tr6f tH-L * l o r  I | cr l
o „ . i h )  z J ig -  a n -  ,
' X  A ' W ' , 6 ‘ K “ t r A H ' 1  V *  i
$X I c h ) ,  =
1 3 H - 1 
I (T I
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I 0-  1
2 - k  I .The term A H  i n  |o i s  n e g l i g i b l e  so t h a t
o M  + — <L—
'  & l  t  3~‘ fl 8 l  * S " A
? 5 ‘  -  1 4  ( » •  " >
I ,  x
*
8 1 + c *  A
H
The e q u a t i o n
i s  a r e l a t i o n  g e n e r a l l y  more v a l i d  than Eqs.  A - 11
°  2I f  the term a A «  B , the  Eqs.  A - 11 s i m p l i f y  t o
^  =  h 1 *
a ^ '  .  f T * S i a  8  0 i s  ^  m 1
V 3 * ‘
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In the e x p e r i m e n t a l  s i t u a t i o n  where 0 = 9 0 °  the  e q u a t i o n s
reduce f u r t h e r t o
0  - - + AY X *. T
f t 1 f t L
f t ‘ l H
f t *  =
o
M p A
\ v f t f t
S e p a r a t i o n  o f  the  two terms i n  the  p e q u a t i o n  is e a s i l y
2
o b t a i n e d  e x p e r i m e n t a l l y  f rom a p l o t  o f  p vs H wh i ch  g i v e s  t he  
s lope
£ T ‘ s ' ^ ' e
S - f tx + cr* A
and t h e  i n t e r c e p t
A
f t 1- v <r‘ A
I t  s hou l d  be noted  t h a t
p *
co u l d  be o f  i n t e r e s t  i n  the  d e t e r m i n a t i o n  o f  the  d i r e c t i o n  o f  the
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( " )open o r b i t s ,  b u t ,  u n f o r t u n a t e l y ,  p is s u b j e c t  to  probeyx
m i s a l i g n m e n t  e r r o r s .
The t h e r m a l  c as e ,  f o l l o w i n g  f rom Eqs.  A~9 and c o r r e s p o n d i n g  
to  the Eqs.  A - 1 0  a r e
Y  -  V b  r Vs t H
] w
\s ~ Y  s . o  6 c c ^ t )  t  & H
j  - ----------------------------- ;--------------------
J U l
-  V  S >n b Cob ft
H V)> -  V  S b t )iq u l  +  ft
V y  '  B '  8 '
whe re
Each o f  t h e s e  e q u a t i o n s  e x c e p t  I^Vx x ^ fy x depends on th e
i mpor t ance  o f  the  d i f f e r e n t  terms in the  d e n o m i n a t o r ,  | M -  
E v i d e n t l y ,  i f  \  i s n e g l i g i b l e  r e l a t i v e  t o  t h e  o t h e r  terms in
| X ( ,  the  y e q u a t i o n s  a r e  i d e n t i c a l  t o  the  Eqs- A - 1 0 ,  A - 11,  A - 1 2 ,
2
A - 1 3 ,  and A - 1*+ f o r  p ,  and t he  s l o p e  L'  o f  y v *  H is g i v e n  by
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2The i n t e r c e p t  is A ' / ( B '  + X° A1)■ In the case where X Is notg
( -  ) 2n e g l i g i b l e ,  i t  may be noted tha t  the slope L" o f  (̂ Yx x /,VyX H
is g i ven by
S '
o
and the i n t e r c e p t  by A ' / B 1. When X - 0 or  G - 0,  t h i s  slope  
would determine X / B ‘ , i . e . ,  the l a t t i c e  c o n d u c t i v i t y  which may
then be s u b s t i t u t e d  as a known par ame te r ,  a l l o w i n g  the d e t e r m i n a t i o n
°  2
of  X s i n  0 / B 1. The d i r e c t  a n a l y s i s  of  v and v may be r a t h e rxx yx
2 ^  — 2
complex s i nce ,  as H i n c r ea se s ,  the term,  (B1 + X + 2X^)H in
1X | is f i r s t  preponderant  over  the term  ̂ + much
h i gher  f i e l d  the oppos i t e  occurs-  Consequent ly ,
K v  ~  — — ----------r -  ^
a t  i n t e r m e d i a t e  f i e l d  and
a t  very  high f i e l d .  The d ep a r t u r e  of  the p r o p o r t i o n a l i t y  o f
y  ̂  ̂ w i t h  H i s ,  t h e r e f o r e ,  a good way t o  check the importance  yx
of  X in the t r a n s p o r t  e f f e c t -
At  i n t e r m e d i a t e  f i e l d s  y  is g i ven  byxx
Y  ~  _ X s m h t j _ k )_  H v + --------------n ' ------------
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and s a t u r a t e s  to
y
E f f e c t  o f  Misa l ignment
When the hexagonal  a x i s  o f  the c r y s t a l  makes a smal l  angle  
3 wi th the plane of  r o t a t i o n  of  the magnet ic  f i e l d ,  the p 
minimum does not correspond to  a p e r f e c t  a l ignment  of  the f i e l d  
w i t h  the hexagonal  d i r e c t i o n  and a f i n i t e  s l i c e  of  open o r b i t s  
remains.  The ang le  g w i l l  be r e f e r r e d  to  as the misa l ignment  
angle  which,  t o ge t her  w i t h  o,  determines the open o r b i t  d i r e c t i o n
0 .  When both a  and (3 are  s m a l l ,  some approx imat i ons  can be made 
i n  the u , v , z  c oo r d i n a t e  system. Since z is near  the hexagonal  
a x i s ,  n e a r l y  i s o t r o p i c  c o n d i t i o n s  e x i s t  in the u -v  p lane and the 
c o n d u c t i v i t y  m a t r i x  o may be w r i t t e n  as
A H ' 1' f r H ' 1 c T c  H ' 1
I f~ \  I  \  f  } a. ,  I /  1 U r  r ~  r i t
^ 1 ~ - cfc H - JeH'1 tT;
c r6 o crt
o o o
F i 0 n
w i t h  the two m a t r i c e s  coming,  r e s p e c t i v e l y ,  from the open and c l osed  
o r b i t s .  The terms c o n t a i n i n g  6 ' s a r e  smal l  and van ish f o r  a l ignment  
of  the f i e l d  w i t h  the hexagonal  d i r e c t i o n ,  as do the o ' s  in the
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f i r s t  m a t r i x .  The (n) m a t r i x  takes the formxyz
V c o s ^  - f t  K " 1 c r cs i ^  & c c s 6 ^ ' ‘ J c H ' V , i
0 ~ tL ’ I cr y.n t»co->e-BH'1 r ^ ^ ' a  J e H'1
- < 5 C U - '  .  cr, - J E M - '  i T | i « S i
Thus,
o ^  -  ( cTu t-cru ( t r S . v / e  - ft H ^ )  i-torE ) x H
I cr I
and
r\ -  - f  H~' + 5 \ ) < r  6  H ‘ -  ( ^ i - i  ) ( t r (' s ; n  Oco<,  e  + 6  H "‘ )
^  '• I <r,
Since a is l a r ge  compared to  the o t he r  o terms and 6 terms,
t hen
\<r\ ^  { (r^s r j )  i g~i UV-
and t o  the  same a p p r o x i m a t i o n s  as A - 11,
0 , ,  -  K 1- v  (  f t  *■ T l  )
'  t, B l  * r * M
and
g -z S e
0 V ,  d !  •  O  »
^ ( u s r ' f i )
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Except  for  n e g l i g i b l e  terms,  these are  the same r e s u l t s  as 
A - 11. T he r e f o r e ,  the main e f f e c t  o f  the misa l ignment  w i l l  be,  
as ment ioned e a r l i e r ,  the d i r e c t  I n f l u en c e  of  on the angle  0 
w i t h  tan 6 =- a / <3 and the non-van I sh i ng  of  the ope n o r b i t  s 1 i ce 
f o r  or 0. The f u n c t i o n a l  dependence of  the s l i c e  t h ickness ,
i . e . ,  o f  o 0 and X ® w i t h  a  should be r ep l aced  by a dependence w i t h
APPENDIX B
Another  p e r t i n e n t  p o i n t  in the d i scus s i on  of  the conduct ion  
o f  a s i n g l e  open o r b i t  is tha t  beside the asymptot ic  behav i or ,
( T O
= [ o  o
one should cons ider  the way the o t he r  terms o f  the tensor  tend
to zero w i t h  the f i e l d .  I f  the open o r b i t s  are p e r f e c t l y  s t r a i g h t
in the u d i r e c t i o n ,  the e lements o f  the tensor  are zero  except  for
the O jj = cr' term.  For an u nd u l a t i n g  o r b i t  one expects  tha t  for
H=0, a component should e x i s t  whose importance r e l a t i v e  to
CT^i(O) =- a 1 depends on how pronounced the und u la t io ns  a r e .  For
example,  i f  the undu la t ions  c o n s i s t  o f  s e m i - c i r c l e s  connected by
shor t  s t r a i g h t  l i n k s  then o ^ ( 0 )  o ^ ( 0 )  =“ a 1 . One a l so
-2
expects  — CH , j u s t  as a c i r c u l a r  c losed o r b i t .  The
quest i on  o f  the j terms * s d e l i c a t e  and the
2k
e f f e c t i v e  path method developed by Pippard to so l ve  some o t h er
t r a n s p o r t  problems may be a p p l i e d  he r e .  Wi th  H kept  constant  one
may imagine a shor t  impulse o f  f i e l d  E dur ing a t ime d t .  The
c u r r e n t  response J ( t )  may be used to deduce the e f f e c t  o f  a
s t eady  E f i e l d  by forming J q J ( t ) d t .  Under the f i e l d  impulse the
Fermi s u r f ac e  is d i s p l a c e d  by h ^eEdt and the number o f  e l e c t r o n s
genera ted  from an element  o f  su r face  dS by t h i s  d isp lacement  is
32
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eE * dS d t A r A  i - e . .  a t  a r a t e  e E • dSATT^h . Each o f  these p a r t i c l e s  
t r a v e l s  under the i n f l u e n c e  of  the Lorentz  f orce  u n t i l  dest royed  
by e f f i c i e n t  s c a t t e r i n g .  The average d i s t a n c e  t r a v e l e d  between
, r .
c r e a t i o n  and randomi za t ion  is A = v d t ) ,  so t h a t  the c o n t r i -« o
b ut i on  by dS to the c u r r e n t  is
ci J  -  g .2 £  • ^  A  ( A - 2 ° )
4 r r 1 h
The t o t a l  c u r r e n t  may be o b t a i n ed  by i n t e g r a t i n g  over  the F . S .  
O m i t t i n g  the component in the magnet ic  f i e l d  d i r e c t i o n ,  the path A  
in k-space cor responding to A  is r e a l  space is g iven by the 
re 1 a t  i o n s :
A u  - - A „  f ( h)
A v  * A ' *  ( h  )
(  A - 2 ! )
so t ha t
J u  '  4 n * H f  ^  j  A  -cr t £ c r | A ^ c i . 5 v - |
J v -  -- ^ A t ,  d  S a  ^
I f  the path o f  a c a r r i e r  o r i g i n a t e s  a t  a po i n t  M and ends 
a t  H ‘ , then averaging over  a l l  o r i g i n s  and t e r mi n a l  f>oints y i e l d s :
\  -- [  u ' - u l  5 u
and ( j A - 2 5 )
j A* d Sv - [ V ' - V ]
9^
where U and V are the c e n t r o i d s  of  c r e a t i o n  o f  a p a r t i c l e  under  
an impulse E^ or  r e s p e c t i v e l y ,  U 1 and V 1 are the cor responding  
c e n t r o i d s  o f  t e r m i n a t i o n ,  and and are the p r o j e c t e d  areas  
o f  the F . S .  in the u and v d i r e c t i o n s ,  r e s p e c t i v e l y .
Thus
'  - e /  + n 3h ( S w*.
0~ u c r  - - e / ^ n ' H  ( V ' - V  ) v  i V  ( f l ' 2 4 )
( T v * .   ̂ e / t n JH ( V ' - U ) ^  5 ^
- e  /  4 n  1H ( V ' - V ) *  S vr
The case o f  open o r b i t s  c o n s i s t i n g  o f  s e m i - c i r c l e s , as 
shown in f i g .  28,  may be t r e a t e d  s i m p ly .  In o r b i t  " a " ,  e l e c t r o n s  
are c r e a t e d  by the f i e l d  E^, w i th  H out  o f  the f i g u r e ,  and move 
in the n e g a t i v e  u d i r e c t i o n ,  thus making a^u a p o s i t i v e  term.
The c e n t r o i d  U is g i ven  by:
( X. 1 -  6 i ** a
so t ha t







and the  area  o f  the s e m i - c i r c l e  is 
f\ ~ \ i*. d ^  v
J - Je.
where k i s  the rad i us  o f  the c i r c l e ,  o
The c e n t r o i d  U ‘ is such t h a t  [ U U ' j  corresponds to the 
c l a s s i c a l  mean f r e e  path t v ^ . The mot ion in the H d i r e c t i o n  is  
n e g l e c t e d .  In k -space the mean f r e e  path t ransforms i n t o  -  p Tv ^ .
I f  the s c a t t e r i n g  i s  un i fo r m along the s e m i - c i r c l e ,  then  
the asymptot i c  va l ue  o f  LOU' j^ is g iven by
f "  aJo
so t h a t
2k
Lou(] = ~u TT
For a s l i c e  o f  open o r b i t  "a"  o f  t h ickness A k ^ , the 
c o n d u c t i v i t i e s  are g iven by:
- e/4n * H f A 2 M k  H/fc) T  </f = ( e l n / m ) (  * r / n )
- e/4Ti 'H ( a 2 A. )  Jk ( ^  - ? )  - - e/n  ( r\ - n ,  )
In these equat i ons  n is the number o f  ho l es  in the s e m i - c i r c u l a r
c y l i n d e r  o f  t h i c k n e s s  £  ; n is  a ls o  the  number o f  h o le s  in  the
s l i c e  o f  t h i c k n e s s  A k  , le n g th  2k and w i d t h  OU1, and n -n  i sz 3 o o
th e  number o f  s t a t e s  in  a s i m i l a r  s l i c e  o f  w i d t h  [ U U ' ] .
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A s s o c i a t e d  w i t h  the s l i c e  o f  o r b i t  o f  ty p e  " a "  a t  k ^ , t h e r e
e x i s t s  a s l i c e  o f  type  "b"  a t  - k  whose c o n t r i b u t i o n  i s  i d e n t i c a l
to  t h a t  o f  s l i c e  " a "  f o r  both a  and a  . I f  both s l i c e s  a reuu vu
taken  i n t o  a c c o u n t ,  then the e q u a t i o n s  a re  unchanged bu t  n and
nQ c o r re s p o n d  to s l i c e s  o f  t h ic k n e s s  2 A  k^ r a t h e r  than j u s t
A  k . z
Under a p o s i t i v e  im pulse  Ev , e l e c t r o n s  a re  c r e a t e d  in  the  
upper  q u a r t e r  o f  the  " a "  and "b"  o r b i t s  and ho le s  c r e a t e d  in  the  
lower  q u a r t e r .  The c e n t r o i d s  f o r  the e l e c t r o n s  a re  g i v e n  by:
f  k  a / z  , r  2  / tT
o v  \  o V  |
I  V K o / q .  i  2  ^ * , / f r  + \
and f o r  the  h o le s :
- 2 J jj t X
Thus a  -  - a  and o * 0 .  Shou ld  an h i q h e r  a p p r o x i m a t i o nuv vu vv
- 2
be p e r fo rm e d  one should  f i n d  cryv ~  H . T h e r e f o r e  th e  t e n s o r  
cr* f o r  s e m i - c i r c u l a r  o r b i t s  i s  o f  th e  form
/  e ’t T  a  -  e ( n - n . j  \  , ,
c r '  -  /  —  «
{ n r p )  . 0 j
One may e x p e c t  t h a t  th e  g e n e r a l  form o f  a '  i s  s i m i l a r  to  the
one found f o r  s e m i - c i r c u l a r  o r b i t s .  I f  t h i s  i s  so then th e  a n a l y s i s
p e r fo rm e d  t o  s e p a r a t e  the  open o r b i t  c o n t r i b u t i o n  f rom the  c lo s e d
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o r b i t  c o n t r i b u t i o n  is s t i l l  a p p l i c a b l e  s i nce  to the o r der  o f  H 













o n ' 1 J
o o , o i . e .  as a = a ' + ac
The i mp or tan t  e f f e c t  i s  in the c o n t r i b u t i o n  o f  the open 
o r b i t s  in the H a l l  e f f e c t  and thus in  the d e f i n i t i o n  o f  an e f f e c t ­
i ve  number o f  c a r r i e r s .
APPENDIX C: EFFECTIVE NUMBER OF CARRIERS AND THE HALL EFFECT
In the case o f  t h a l l i u m ,  the hexagonal  d i r e c t i o n  is a s i n g u l a r  
25d i r e c t i o n  in the sense tha t  a f r a c t i o n  o f  the c a r r i e r s  in the 
*+th e l e c t r o n  zone do not behave as e l e c t r o n s ,  but have a hole  
b e h av i or ,  see f i g u r e  (29)  Thus the m e t a l ,  i ns t ead  o f  being  
compensated,  e x h i b i t s  an excess o f  holes cor responding to
A ^ h  + = 4 ^ 3  A  ? ■ T f i 3  ( / I  - 2 8 )
The f i r s t  term accounts  f o r  the number o f  a c t i n g  ho le s  and the  
second te rm accounts  f o r  the  number o f  i n a c t i v e  e l e c t r o n s  
c o r r e s p o n d in g  to  the  com pensat ion  c o n d i t i o n .  The volume  
c o r res p o n d s  to a s l i c e  o f  the  zone l i m i t e d  by a t h i c k n e s s  £  k ^ f 
the  s m a l l e s t  c a l i p e r  o f  the  F . S .  f o u r t h  band n e t  in  the  hexagona l  
di  re c  t ion  .
The e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  the H a l l  e f f e c t  leads  to
22 3an excess  o f  h o le s  o f  ^  2 ,1 6  x 10 per cm , which g i v e s  a v a lu e
f o r  ^  k j  ■ O .6 9  8 T h i s  v a lu e  shou ld  be compared to  the c a l i p e r
2 6o f  the  B 1 -  B' o r b i t  in  Coon's  m a g n e t o a c o u s t ie  a t t e n u a t i o n  s t u d y .  
I t  i s  i n t e r e s t i n g  to  no te  t h a t  th e y  o b t a i n e d  a c a l i p e r  o f  O .6 7  & * 
f o r  t h i s  d i r e c t i o n  and though i t  was a t t r i b u t e d  to  a n o t h e r  o r b i t




f i g -  29
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A c a l i p e r  o f  t h i s  v a lu e  would  i n d i c a t e  t h a t  the branches  o f  
the h e x a g o n a l  n e t  a r e  r a t h e r  c y l i n d r i c a l  s i n c e  Coon's  d a t a
When the  m a g n e t ic  f i e l d  H i s  t i l t e d  by a s m a l l  ang le  a  w i t h  
r e s p e c t  to  the  p r i n c i p l e  a x i s  o f  a c r y s t a l ,  c e r t a i n  c a l c u l a t i o n s  
r e l a t i v e  to the  e f f e c t i v e  number o f  c a r r i e r s  may be made.
F i g u r e  30 shows a s c h e m a t ic  s id e  v ie w  o f  a s quare  n e t  w i t h  
c y l i n d r i c a l  arms.  The e f f e c t i v e  number o f  h o l e s ,  n,  which  
i s  measured by the  H a l l  c o n d u c t i v i t y  is  g i v e n  by
where  c o r re s p o n d s  to the  volume l i m i t e d  by the  p a r t  o f  the  
F . S .  on w hich  the  c lo s e d  o r b i t s  a re  h o l e - l i k e  and by l i m i t i n g  
p la n e s  P and P 1 . is  the volume l i m i t e d  by the  p a r t  o f  the
F . S .  on which open o r b i t s  e x i s t ,  and by the two s e t s  o f  p lanes  
P.Q. and P ' . Q ' .  c o r re s p o n d s  to  th e  volume w i t h i n  th e  F . S . ,
i . e . ,  the volume o f  the  o c c u p ie d  s t a t e s  c l a s s i f i e d  as e l e c t r o n s .
On f i g .  30 ,  the  volumes V j ,  c o r r e s p o n d  to  a s i n g l e  zone
and a r e  r e s p e c t i v e l y  s c h e m a t i z e d  by the  c u r v i l i n e a r  q u a d r a n g le  1A2A1
the  c u r v i l i n e a r  t r i a n g l e s  l A ' B 1 and the  s e m i - c i  r c  les,  A I B 'A .
I t  can be seen in  t h i s  case t h a t  V j  + V j  + where
i n d i c a t e s  t h a t  the b e l l y  o f  the  b ranch  is  n e ar  0 . 8  T h is
v a l u e  o f  A  a gree s  q u a l i t a t i v e l y  w i t h  the d im en s io n  o b t a i n e d
f o r  the  s t e r e o g r a p h i c  r e g io n  o f  type  B open o r b i t s  g iv e n
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corresponds to the volume f or  the case o f  H p a r a l l e l  to the 
f o u r - f o l d  a x i s .
The volume comes from the c r e a t i o n  c e n t r o i d  o f  the open 
o r b i t s  when the p o s i t i o n  o f  the c e n t r o i d  o f  a p a r t i c u l a r  cut  00'  
is measured from the i n t e r c e p t s  0 .
The volume , comes from the c e n t r o i d  of  the t e r mi n a l  o f  
the open o r b i t  a lso  measured from the p o i n t  0 .  The magni tude  
o f  t h is  term depends on the s c a t t e r i n g  i f  the s c a t t e r i n g  changes 
along the open o r b i t .  The volume may be a s s i m i l a t e d  w i t h  
the volume o f  a pr ism o f  l ength 2kQ and a c u r v i l i n e a r  se c t i o n  
ABLq , where BL^ is the p r o j e c t i o n  o f  the t e r m i n a l  po i n t  L* 
f o r  the d i f f e r e n t  s e c t i o n  0 0 ' .
I f  the p o s i t i o n s  o f  the c e n t r o i d s  are measured from O'
i n s t e a d  o f  0,  then n takes the form — (VJ + V'1) where V(
is the volume o f  the s l i c e  o f  the zone l i m i t e d  by the plane
PP1 , and —~  V'1 is in a way the c o n t r i b u t i o n  o f  the open o r b i t  
W 3 2
e l e c t r o n s  to the number o f  c a r r i e r s .  W i t h  the t e r m i n a l  c e n t r o i d s  
on the l i n e  BL^ , then V̂ ' is the volume o f  the pr ism whose area  
is l i m i t e d  by the c u r v i l i n e a r  t r i a n g l e ,  L^BL, and whose he i gh t
is  l i m i t e d  by the l ength o f  the zone in the open o r b i t  d i r e c t i o n ,
i . e . ,  2kQ .
Thus V j  i s  d e t e r m in e d  o n l y  by the to p o lo g y  o f  the F . S .  
w h i l e  V j  depends on the s c a t t e r i n g  as w e l l  as on the  F . S .  
t o p o l o g y .  I f  t h e r e  a r e  " h o t  zones"  a lo n g  the  o r b i t  w here  s m a l l  
a n g le  s c a t t e r i n g  i s  p a r t i c u l a r l y  e f f i c i e n t ,  then  the  t e r m i n a l
10i+
p o i n t  w i l l  be d i s p l a c e d  toward these zones.  T he r e f o r e  the 
number o f  c a r r i e r s  measured by the H a l l  e f f e c t  and R i gh i -Leduc  
e f f e c t  may r e f l e c t  the e x i s t e n c e  of  smal l  angle s c a t t e r i n g .  I f  
one assumes t h a t  the smal l  angle s c a t t e r i n g  i s  more un i form in 
the R i gh i - Leduc  e f f e c t  than in the H a l l  e f f e c t ,  one could p r e d i c t  
whether  or  not  the s c a t t e r i n g  is more e f f i c i e n t  in one p a r t  o f  
the open o r b i t  than in some o t h e r s .
A f i r s t  consequence o f  e q u a t io n  A29 for  the case of  the 
c y l i n d r i c a l  net  is t h a t  the e f f e c t i v e  number o f  c a r r i e r s  should  
decrease as a f u n c t i o n  o f  O', i . e . ,  p ^   ̂ and  ̂ should incr ease  
w i t h  Of. The f a c t  tha t  t h i s  does not  occur  in the t h a l l i u m  
d a t a  may j u s t  i n d i c a t e  the d e p a r t u r e  of  the arms o f  the net  
f rom a s imple  c y l i n d r i c a l  shape.
The preceeding c o n s i d e r a t i o n s  do not  e x p l a i n  another  
f e a t u r e  o f  the d a t a ,  v i z ,  the f a l l  o f  y^^LnT as a f u n c t i o n  o f  the  
t e mper a t ur e ,  w h i l e  the cor responding va l ues  f o r   ̂ remain  
r e l a t i v e l y  i n v a r i a n t .  Th i s  behav i or  might  be due to phonon drag,  
a t o p i c  which i s  to be discussed in  the next  appendi x .
APPENDIX D: PHONON DRAG
PHonon drag is known to  cause l a rge  e f f e c t s  in the thermo­
e l e c t r i c  c o e f f i c i e n t  and u s u a l l y  n e g l i g i b l e  e f f e c t s  in the 
e l e c t r i c a l  and thermal  c o n d u c t i v i t y  c o e f f i c i e n t s .  Those phonons 
which are  dragged by the e l e c t r o n s  appear  to be less e f f i c i e n t  
s c a t t e r s  than i f  they were a b l e  to r e l a x  to the e q u i l i b r i u m  s t a t e  
a f t e r  being s c a t t e r e d .  To account  f o r  t h i s  e f f e c t ,  ° j j > an^
are  m u l t i p l i e d  by f a c t o r s  of  the form (1 -  a ) ,  where a ^ 1 
accounts f o r  the degree of  drag by the e l e c t r o n s .  The c o e f f i c i e n t  
° 1 2  aPPears  to  u n a f f e c t e d .  I f  one w r i t e s  ( in  the asy mpt ot i c ,
c l a s s i c a l  s i t u a t i o n  o f  one e l e c t r o n  band) the c o e f f i c i e n t
23in the form g i ven  by Ak hi ez er  e_t a_l_. , then one has:
The d i f f e r e n t  q u a n t i t i e s  appear ing  in t h i s  formula are  
enumerated in the r e f e r e nc e  and a r e ,  a t  the moment, not  of  
pr i ma ry  i n t e r e s t -  What should be noted a t  t h i s  p o i n t  is the








where cT is o n l y  a smal l  term a t  low temperature .  The c o e f f i c i e n t
c depends on the drag and is smal l  when the drag is smal l .  Thus,
L^Ty^j  could decrease as T gets s m a l l e r ,  as the data i n d i c a t e s ,
a l though  the v a r i a t i o n  obt a i ned  e x p e r i m e n t a l l y  depar ts  from the
law given above and as T — 0,  depar ts  f rom o,  L T instead
12 12 n
o f  tending toward I t -
Another  l i n e  of  thought  may be pursued a t  t h i s  p o i n t .  In 
the a n a l y s i s  of  the smal l  angle  s c a t t e r i n g  d a t a , one assumes t ha t  
the phonon s c a t t e r i n g  term of  o and of  the open o r b i t  measures
the degree of  e f f i c i e n c y  of  the s c a t t e r i n g .  As po i n t ed  out  e a r l i e r ,  
the e f f e c t  o f  drag is to  lessen t h i s  e f f i c i e n c y  and,  t h e r e f o r e ,  
may a f f e c t  the i n t e r p r e t a t i o n  given to the s lope r a t i o .  Arguments 
of  a q u a l i t a t i v e  na t ur e  may he l p ,  n e v e r t h e l e s s ,  to j u s t i f y  t h i s  
i n t e r p r e  ta 11 on -
a )  There are  few open o r b i t s -  I f  the cor responding e l e c t r o n s  
exchange momentum and energy w i t h  the phonons,  those in turn
have the o p p o r t u n i t y  to r e l a x  i n t o  near  e q u i l i b r i u m  by s c a t t e r i n g  
w i t h  the c losed o r b i t  c a r r i e r s  which are t he r e  in l a r ge  amounts.
This w i l l  min imize  the dragging of  phonons by the open o r b i t  
e l e c  t r o ns .
b) S c a t t e r i n g  is cons idered  i n e f f i c i e n t  in the case of  drag  
because of  the r e qu i re d  c o n d i t i o n  of  the c on s e r v a t i o n  of  momentum 
in the system. When an e l e c t r o n  is s c a t t e r e d  by a phonon through  
Ak = q i t  r e qu i re s  the same change in momentum, through r e - c r e a t i o n  
of  a phonon, i . e . ,  -  Ak = - q ,  to  be r e s t o r e d  t o  i t s  o r i g i n a l  
momentum. The s i t u a t i o n  of  e l e c t r o n s  s c a t t e r e d  from open o r b i t s
JOT
i n t o  c losed o r b i t s  by Ak q is d i f f e r e n t  from the preceeding  
case because the inverse  s c a t t e r i n g  ( a f t e r  rando mi za t io n )  does 
not compensate f o r  i t .  T h e r e f o r e ,  the smal l  ang le  s c a t t e r i n g  
e f f e c t  descr ibed  here w i l l  be q u i t e  i n s e n s i t i v e  t o  drag,  but  may 
make the v e r t i c a l  process of  s c a t t e r i n g  i n e f f i c i e n t  and b r i n g  
the same e f f i c i e n c y  of  s c a t t e r i n g  to  e l e c t r i c a l  and thermal  e f f e c t s .
AP P ENDI X  E
This appendix w i l l  c o n s i s t  o f  a) expe r i rr>en ta 1 1 y determined  
c o e f f i c i e n t s ,  b) ph y s i c a l  c on st an t s  and c) approximated va l ues ,  
i . e . ,  o rder  of  magni tude values o f  c e r t a i n  q u a n t i t i e s  appear ing  
in t h i s  s tudy.  The values are o b t a i n e d  using var i ous  approximat ions
and a v a i l a b l e  e x p e r i m e n t a l  d a t a .  Since these va lues  are g iven
on l y  as general  i n f o r m a t i o n ,  no s p e c i f i c  e x p l a n a t i o n  or  r e fe r e n c e  
to t h e i r  source w i l l  be g i v en .
P 3QQ°K/ P h .2 ° K  : 10^ 00
_ Q
2 ^  ■ 3 x 10 Q -  cm
11 2 3
B 3 . 4 $  x 10 G/  Cl -  cm = 3 -1  x 10 gaussian u n i t s
n ss 2 . 16 x 1022 e l /cm^  = 1 .19  e l / a t o m  ( f o r  H / / [ 0 0 0 l ] )
22 3«  2 . 3 7  x 10 ho les /cm » 1 ,32 h o l e s / a t o m
22 3Ng .22 x 10 e 1 /cm = . 1 p e l / a t o m
n 1 «  N, + N 2 . 6  x 1022 e l / c m^  -  1 .45  e l / a t o mn e
m ( 3 r d  zone) ^  . 66 mQ
m* ( 4 th  zone) ^  1 . 0  to 1 . 4  mo
A  (mean f r e e  pa t h ,  3rd zone) ^  1 . 3  mm a t  1.2°K ( u l t r a - s o u n d )
T w 1.7  x 10 ® s e c . m ucr
*
H -  m c / e  t „  30 to 40 gauss " "sa a 3
Tp *  5 x 10 ^  a t 4 .2 ° K  ( r e s i s t a n c e  a t  z e ro  f i e l d )
108
109
open o r b i t  da t a_______________1 , 6°K________ 2 . 0°K_______ 3 • 0°K______ 4 . 1°K
a  (fi-cm) a t  20 d i v ,
2
sin  0=1,  B= co ns t . 12. 9x l 06 10. 5x l 06 5 . 3x l 06 1 . 3x 10
0° (Q-cm)  at  90 d i v .
2
s in  0=1,  B=const .
£
93x 10 8 l x l 06 45x106 14 . 6x 10'
0° ( i i -cm)  a t  1 SC d i v ,
2
sin  0=1,  B=const . 286x l 06 244x106 167x 10 58x 10'
X° /LnT(^ -cm)  * 20 d i v ,
2
sin  0=1,  B=const . 4 , 6x 10^ 3 . 2x l 06 1 . 5x l 06 1. 9x 10
X°/LnT(U-cm)  * 80 d i v ,
2
sin  0=1,  B=const . 28 . 5x l 06 20x l 06 8 , 0x l 06 5 .Ox 1 O'
X° /LnT(Q-cm)   ̂ 180 d i v ,
2
sin  0 = 1, 8=cons t . 76x 106 53x 106 22 . 6x l 06 11 . 2x 10'
Hs q (G) ( f rom u l t r a s o n i c s ) 45G
(-1̂ ( 6 ) ( f rom zero
res i s tance) 1000
HS(y(G) (Guess) 100 300
Hs x ( G) ( Guess^ 150 500 2000 5000
A ( i n  1013G2/n -cm) 1 .8 4 . 1 12.5 41
A'LnT 6 20 82 205
CT°A/B2 ( f o r  180 d i v ) 4.5% 8% 17% 20%
X0A ' / B ' 2 4% 9% 15% 19%
Xg ( f rom app ro x . ,
i n  W/cm-°K) .013 .021 . 047 .09
X ( f rom c a l c u l a t i o n  
9




X / I n T  (fi-cm)  
9
from L ' o
X /LnT (Q-cm)  
9
from c a l c u l a t i o n
X (X + X ) B ‘ ~2 in 10-12
9 0  9
at  180 d i v  from L 1o
X (X  +X ) B ' * 2H2 a t  H=20kG9 o g
from L 1 o
X (X +X ) B ' " 2H2 a t  K=20kG g o g
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L I S T  OF SYMBOLS
A. C o o r d i n a t e  systems
1} 1 , 2 , 3  : Coord inate  system o f  the r e c t a n g u l a r  p a r a l l e l e ­
piped sample where 1 , 2 and 3 correspond to the sample 
l e ngt h ,  w i d t h  and th ic kness ,  r e s p e c t i v e l y ,
2)  1 1 ,2 ' ,3 1 : C r y s t a 1 l og r aph i c  c o o r d i n a t e s ,  L 1 0 1 0 ] ,
[1 2  10] ,  and [ 0 0 0 1 ] ,  r e s p e c t i  ve 1 y .
3 ) u , v , z  : z i s  the m a g n e t ic  f i e l d  d i r e c t i o n ,  v is  the 
i n t e r s e c t i o n  o f  th e  b a s a l  p l a n e ,  (1 ' , 2 1) w i t h  the p la n e  
p e r p e n d i c u l a r  t o  z ,
*0 x , y , z  : T r a n s p o r t  e f f e c t  c o o r d i n a t e  system,  where z is  the  
m a g n e t ic  f i e l d  d i r e c t i o n ,  x i s  the  i n t e r s e c t i o n  o f  the  
u , v  p la n e  w i t h  the  1 ,3  p la n e  and y is  the d i r e c t i o n  
per pendi cu 1 a r  to  z and x .  I t  i s  a l s o  u n d e rs to o d  t h a t  x 
is  th e  v e r t i c a l  d i r e c t i o n  and yz d e f i n e  the h o r i z o n t a l  
p l a n e ,
5)  1 ,2  : I n d i c e s  used tP ar t i c u l a r l y  in  A p p end ix  A)
to  c h a r a c t e r i z e  the  c lo s e d  o r b i t  c o n t r i b u t i o n  when 




B. M i sc e l l ane ous  Symbols
0 : 1) The angle  between the x - d i r e c t i o n  and the open o r b i t
c u r r e n t  d i r e c t i o n .  2) Same as above but  under high f i e l d  asymp­
t o t i c  c o n d i t i o n s  f o r  which v is the i n t e r s e c t i o n  of  the x , y  plane  
w i t h  the 1 1 , 2 1 ( b a s a l )  p lane ,  then 0 is app ro x i mat e l y  the angle  
between v and 2 , 2 '  or  y or  the angle  between u and 1 , 1 '  and x.
(ct) ,O'1 : T i l t  ang le ,  i . e . ,  the angle  between the magnet ic
f i e l d  d i r e c t i o n  z and the (3)  or  3 1 d i r e c t i o n .  (This  d e f i n i t i o n
o f  Of is o f  no i n t e r e s t ) .
a  : Is a lso  the angula r  r o t a t i o n  o f  the magnet ic  f i e i  1 
r e l a t i v e  to the h o r i z o n t a l  p r o j e c t i o n  o f  the 3'  d i r e c t i o n  
(a = Of1 f o r  3'  h o r i z o n t a l ) .
f t  : Angle between 3'  d i r e c t i o n  and h o r i z o n t a l  phase.  To
2 2a f i r s t  approx imat ion  a '  = Of +ft  and tan 0 *  a / 8 •
H : Magnet ic  f i e l d
G : N e ga t i ve  o f  the g r a d i e n t  o f  t empera t ure  i . e . ,  G ■ -  VT 
E : E l e c t r  i c f i e l d .
J : E l e c t r i c  c u r r e n t  d e n s i t y .
W : Heat  c u r r e n t  d e n s i t y ,  
p  o r  : E l e c t r i c a l  r e s i s t i v i t y  t e n s or .
y  : Thermal  r e s i s t i v i t y  t e n so r .
— Q b ^
Ln : The Lor en tz  number ( 2 . A 5  x 10 V /deg ) .
(J or  : T o t a l  e l e c t r i c a l  c o n d u c t i v i t y  t e n so r ,
o o *
a  or  ct : Open o r b i t  c o n t r i b u t i o n  to the e l e c t r i c a l
o
c o n d u c t i v i t y .  o'  is  a l s o  used in  p l a c e  o f  o .
113
Q
a  or  CT : Closed o r b i t  c o n t r i b u t i o n  to the e l e c t r i c a l  
c o n d u c t i v i  t y .
A : T o t a l  thermal  c o n d u c t i v i t y  t ensor ,
X° : Open o r b i t  c o n t r i b u t i o n  to the e l e c t r o n i c  thermal
o
c o n d u c t i v i t y .  X 1 is a l s o  used in p l ace  of  X .
AC : Closed o r b i t  c o n t r i b u t i o n  to the e l e c t r o n i c  thermal
condu c t i  vi  t y .
X : L a t t i c e  c o n d u c t i v i t y .
9
B : The c o e f f i c i e n t  d e f i n ed  by the e q u a t i o n  a ~  ® \ 2  """ 
where ^  ^*9^ ^1®!^ l i m i t  o f  the x , y  component o f  the
c l osed  o r b i t  e l e c t r i c a l  c o n d u c t i v i t y .  B = n e c .
B'  : The c o e f f i c i e n t  d e f i n ed  by the e q u a t io n  X = A ^  B ' /H
where A ^  i 5 the high f i e l d  l i m i t  o f  the x , y  component o f  the
ic
closed o r b i t *  e l e c t r o n  c o n t r i b u t i o n  to  the thermal  c o n d u c t i v i t y .
B* -  LnT B.
2
A : The c o e f f i c i e n t  d e f i ne d  by the e q u a t io n  CT^ — A/H where
O jj is the high f i e l d  l i m i t  o f  the xx component o f  the c losed o r b i t *
2
e l e c t r i c a l  c o n d u c t i v i t y .  A N T /m .
2
A'  : The c o e f f i c i e n t  d e f i n ed  by the e q u a t io n  A^j -* A 1/H
where A^j i s  the high f i e l d  l i m i t  o f  the xx component o f  the
c l o s e d '  o r b i t  c o n t r i b u t i o n  to the thermal  c o n d u c t i v i t y .
2
A 1 ssa e N t  LnT/m, ( *  I t  is shown in  Appendix B t h a t  the c o e f f i ­
c i e n t s  A, B, A 1 and B 1 r e c e i v e  a smal l  c o n t r i b u t i o n  from the 
open o r b i  t )  .
6 C and 6 E : C o e f f i c i e n t s  a p p e a r i n g  in  c r ^  an^ CT2 3 ‘
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N : Number o f  c a r r i e r s  w i t h  e l e c t r o n - 1ike c h a r a c t e r i s t i c s  . e
N. : Number o f  c a r r i e r s  w i t h  h o l e - l i k e  c h a r a c t e r i s t i c s .n
n : The excess o f  holes over  e l e c t r o n s ,  n = N. -  N .h e
N : T o t a l  e f f e c t i v e  number o f  c a r r i e r s .  N = NL +■ N .h e
_2g
m : Mass o f  the e l e c t r o n  m = 1 .109 x 10 g.
T : Closed o r b i t  r e l a x a t i o n  t ime f o r  e l e c t r o n i c  conduct ion .
: Closed o r b i t  r e l a x a t i o n  t ime for  thermal  conduct ion .
te * : Open o r b i t  r e l a x a t i o n  t ime f o r  thermal  conduct ion andc
col  1 is ion t i me .
* : Open o r b i t  r e l a x a t i o n  t ime f or  e l e c t r o n i c  conduct ion .
2
The s lope o f  the curve p vs H .
X X
2
The s lo p e  o f  the  c u rve  Hp / p  vs H .'  xx * y x
2
The s lo p e  o f  the c u rve  LnT y  vs H . ( L 1 = L 1 f o r  cr*0)  .7 xx v o
2





a = 0 ) .
r , ( r  ) : The i n v e r s e  o f  the s c a t t e r i n g  e f f i c i e n c y ,
( r  a p p l i e s  f o r  phonon s c a t t e r i n g  o n l y ) .
r ' , r , , , r ' , r "  r e p r e s e n t  r e s p e c t i v e l y  the  r a t i o s  S ' / L ' ,  c c
S " / L " ,  S ' / d ' - L ^ ) ,  S, I / ( L , , - L ” ) .
A , A  : A v era ge  p a th  o f  an open o r b i t  in r e a l  and k - s p a c e ,  
r e s p e c t i  v e l y .
U ,V  : C e n t r o i d s  o f  c r e a t i o n  o f  a p a r t i c l e  under  an im pu lse  Eu , 
E , r e s p e c t i v e l y .
U ' , V  : C e n t r o i d s  o f  t e r m i n a t i o n  o f  the  p a r t i c l e  p a t h .
V . ,  Vj : Volumes i n  k - s p a c e .
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